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Chapter 1

Introduction

Esther Lubzens, Joan Cerdà, and Melody S. Clark

Abstract Dormancy is a general term describing a state whereby metabolism and

normal progression of life activities and development are dramatically reduced or

brought to a halt. Dormancy facilitates the survival of organisms during environ-

mental conditions that cannot support the regular course of life. Many organisms

have evolved the capacity to enter dormancy and exit from it. Common pathways

have been identified in several forms, in spite of the diversity and complexity in the

survival strategies during dormancy in organisms displaying it. Revealing the mode

of regulation of these pathways and the occurrence of other functions associated

with dormancy are some of the great future challenges. This may open the way for

revealing how cells, tissues or entire organisms can be made dormant or be revived

effectively and lead to preserving cells, tissues and organs at ambient temperatures.

These aspirations motivated the publication of this book.

1.1 Dormancy

Adaptation to extreme and harsh environments has allowed organisms to populate

almost all regions of the planet, from arid deserts through salt encrusted marshes to

super-heated hydrothermal vents and polar ice sheets. This has enabled organisms

to colonize unique niches with possible reduced competition on resources. Under

some conditions, survival is a question of “to be or not to be.” This wide array of
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adaptations for survival in adverse conditions has raised the curiosity of scientists

for centuries, as many are associated with an apparent cessation of life activity.

The problem as to whether an organism can be revived after the complete cessation of all

life processes, that is, whether life under certain conditions may be a discontinuous process,

has, apart from its great scientific interest, a fascination of its own. In fact it is one of the

oldest problems which preoccupied man when he began to think of life, death, and

immortality

This quote is taken from the monumental treatise published by Keilin (1959). At

the time, it provided an historical and state-of-the-art overview on “The problem of

anabiosis or latent life: history and current concept.” As biologists, we are aware of

many terms associated with “anabiosis or latent life” such as hibernation, diapause,

quiescence, aestivation, cryptobiosis, abiosis, etc., although they are more often

referred to generically, these days, as dormancy. However, whatever the exact

terminology or mechanisms involved, they all describe biological phenomena

deviating from “active” or “normal” metabolism.

During dormancy normal progression of life activities or development is dra-

matically reduced or brought to a halt and they are resumed when conditions

become supportive to life. The response can be a direct one whereby an organism

enters a dormant state in response to an external cue such as lack of water by

undergoing desiccation (e.g., tartigrades, bdelloid rotifers), drought tolerance (e.g.,

embryos of annual fishes), low temperature (e.g., Arctic springtail or hibernating

mammals) or through developmentally programmed arrest whereby the informa-

tion is stored until the appropriate developmental stage is attained and the organism

enters into a state of suppressed metabolism (e.g., yeast spores, plant seeds, rotifer

resting egg in rotifers, ephippia of waterfleas or Daphnia, and cysts of brine shrimp

or Artemia). Preserving life in the desiccated form is a well-known phenomenon,

spectacularly demonstrated by revival of plant seeds after centuries of storage

(�1,300 years for a sacred lotus seed (Shen-Miller et al. 1995) and �2,000 years

for that of a date seed (Sallon et al. 2008)). However, there are several examples of

survival in a dormant form without undergoing desiccation. These include aquatic

organisms producing resting stages such as akinetes of cyanobacteria, resting eggs

of rotifers or copepods, or ephippia of daphnids. It also includes annual fishes,

where water is maintained within the diapausing embryos and hibernating mam-

mals, where metabolism is reduced to maintain essential life support systems.

Survival in a state of reduced metabolism raises many questions, such as:

l How is metabolism reduced at the cellular level? Is it stopped?
l If metabolism still occurs, what is its nature and how are the potentially toxic

waste products removed?
l How do cells maintain their structural integrity without decomposition by

protein degrading enzymes such as proteases or bacteria?
l Is the immune response system functional?
l Is there a turnover of structural and functional proteins?
l How are functional units maintained such as ribosomes, so that life functions can

be resumed sometimes within minutes?

2 E. Lubzens et al.



l How do organisms respond to external stimuli during dormancy?
l How is dormancy regulated?

The complexity of the strategies employed, mechanisms involved, and the sheer

variety of different organisms that utilize dormancy provide an almost endless list

of potential research topics. In this book, we focus on current achievements in this

field with some emphasis on demonstrating the potential of molecular tools in

discovering common and divergent physiological pathways, for survival in a

dormant form, or for tolerating harsh environments.

The genome sequencing of model organisms such as Arabidopsis thaliana,
baker’s yeast the nematode Caenorhabditis elegans, and the subsequent functional

analyses, has contributed greatly to unveiling the genes associated in these organisms

with dormant processes. These results have provided the impetus and tools to conduct

similar investigations in awide variety of “nonmodel” organisms. This is illustrated by

significant molecular contributions summarized in the chapters on dormant cells of

cyanobacteria (Chap. 2), rotifer resting eggs (Chap. 7), tardigrades (Chap. 8), Arctic

springtails (Chap. 9), brine shrimp cysts (Chap. 10) and waterfleas (Chap. 11). The

functional aspects of endurance in harsh environments of buds of perennial plants

(Chap. 5), embryos of annual fishes (Chap. 12), and mammals (Chap. 13) provide an

additional scope to the wide range of strategies for survival.

In the midst of such complexity, common pathways have been identified in

several dormant forms and these include:

l Protection against reactive oxygen species (ROS) and detoxification. ROS are

toxic in all life stages, but they are especially problematic for dormant forms. In

plant seeds, desiccation causes loss of control mechanisms that maintain low

ROS concentrations, thus the antioxidant activity has great importance.
l Maintaining the native folded conformation of proteins: Changes in osmotic

pressure, pH, or temperature as well as desiccation, all challenge protein confor-

mation and may cause the formation of cytotoxic protein aggregates. Small

molecular weight heat shock proteins (sHSP) and the late embryogenesis abun-

dant (LEA) proteins are proposed as assisting in protecting protein structure.

They are demonstrably more abundant in dormant forms.
l Drying is often associated with the formation of an intracellular glassy state with

the specific involvement of carbohydrates such as trehalose or other sugars as

cryoprotectants.
l Lipid and fatty acid metabolism: lipid metabolism was found to be associated

with hibernation in mammals and the nematode dauer stage.
l Indirect evidence suggests a role for aquaporins as they may assist in the passage

of water and small soluble molecules across cell membranes.

Revealing how these and other functions associated with dormancy are regulated

is one of the great future challenges. It is linked to the recognition that “dormancy”

or “cryptobiosis” can be of relevance to preservation of cells and tissues (Chap. 14).

This was recognized by Keilin (1959), but gained specific attention with the

increasing use of trehalose in cell preservation, spectacularly demonstrated by dry
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storage of blood components (Wolkers et al. 2002; Crowe et al. 2003; Brumfiel

2004) and cryopreservation of human oocytes (Eroglu et al. 2002 and a review of

Crowe 2007). Preserving organs and tissues for transplantation is regularly

practiced in medicine today and could potentially benefit greatly from studies on

nonmodel organisms, many of which are included in this book.

Preserving ones body and reviving it in future generations is a dream of

mankind. In the present book, it is shown that many organisms have evolved the

capacity to enter dormant stages and exit from it. This is often associated with

desiccation, in which they survive for long periods and then reactivate within

minutes or hours. So far, however, we have failed to learn how cells, tissues, or

entire organisms can be made dormant or be effectively revived, at ambient

temperatures. Attempting to learn that lesson was a vision of a European project

named “SLEEPING BEAUTY” (NEST – Adventure # 012674) funded by the

European Commission, and this book is the outcome of this project.

We are grateful to a large number of anonymous reviewers for their comments.We

also like to thank all the participants of the workshop: “Sleeping beauties: Dormancy

and resistance in harsh environments – Molecular, proteomic and metabolomic

aspects” that took place at the Max Planck Institute – Molecular Genomics (May

18–21, 2008), for sharing their research, thoughts and aspirations in this book.
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Chapter 2

Akinetes: Dormant Cells of Cyanobacteria

Ruth N. Kaplan-Levy, Ora Hadas, Michael L. Summers, Jacqueline R€ucker,
and Assaf Sukenik

Abstract Cyanobacteria are an ancient and morphologically diverse group of

photosynthetic prokaryotes, which were the first to evolve oxygenic photosynthesis.

Cyanobacteria are widely distributed in diversed environments. In the case of

members of the orders Nostocales and Stigonematales, their persistence and suc-

cess were attributed to their ability to form specialized cells: heterocysts, capable

of fixing atmospheric nitrogen and spore-like cells, the akinetes. This review

focuses on akinetes of Nostocales, emphasizing environmental triggers and cellular

responses involved in differentiation, maturation, dormancy, and germination of

these resting cells. Morphological and structural changes, variation in akinete

composition, and metabolism are summarized. Special attention is given to the

genetic regulation of the differentiation process in an attempt to close gaps in our

understanding of the dormancy phenomenon in cyanobacteria and to identify

open questions for future research.

2.1 Introduction

The cyanobacteria comprise a very diverse group of photoautotrophic oxygenic

prokaryotic organisms. They are found all over the world: in seas, soils, glaciers,

deserts, and hot springs, but most species reside in freshwater in both benthic and
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pelagic habitats (van den Hoek et al. 1998; Adhikary 1996). In open freshwater

environments, they can become extremely dominant forming dense blooms. Based

on their life strategy, pelagic cyanobacteria can be classified into the following

categories (1) species that lack specialized resting cells, for example, members of

the orders Chroococcales and Oscillatoriales and (2) species that form specialized

resting cells, for example, members of orders Nostocales and Stigonematales. The

ability to form resting cells enables these species to survive harsh environmental

conditions while dormant in bottom sediments. As environmental conditions

improve, vegetative cells germinate from the resting spores and float due to

newly formed gas vesicles, thus assisting in dispersal throughout the water column.

Dormancy and floating features of these species are responsible for their domina-

tion in many water bodies. Within a short period of time, they bloom and influence

the phytoplankton composition in a seasonally repetitive pattern. This annual life

cycle of planktonic Nostocales is illustrated in Fig. 2.1, using Aphanizomenon
ovalisporum as the representative Nostocales species.

The resting cells of Nostocales and Stigonematales species are called akinetes

(from the Greek “akinetos” – motionless). These are spore-like, thick-walled,

nonmotile cells that differentiate from vegetative cells and serve a perennating

role. Akinetes are larger and have a thicker wall than vegetative cells and contain

large amounts of food reserves and DNA. The akinete shape differs among species

Fig. 2.1 Life cycle of the cyanobacterium Aphanizomenon ovalisporum (Nostocales). Adopted

from Hense and Beckmann (2006)
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from sphere to oblate spheroid and their distribution and position within a filament

(trichome) is used as a taxonomic feature. Differentiation, maturation, dormancy,

and germination of akinetes in Nostocales share some features with other prokar-

yotes (endospore in Bacillus – see Errington 2003) and some eukaryotes (spore in

yeast – see Hohmann et al. 2010, cyst in Protists – see Corliss 2001). Here we

present an updated overview on physiological, ecological, and molecular aspects of

cyanobacterial akinetes. The reader is referred to earlier review papers of value by

Nichols and Adams (1982), Herdman (1987), and by Adams and Duggan (1999).

2.2 Structure, Composition, and Metabolism of Akinetes

Akinetes are larger (sometimes by up to tenfold) than vegetative cells or nitrogen-

fixing cells – heterocysts (Adams and Duggan 1999). Akinetes are surrounded by a

thickened cell wall and a multilayered extracellular envelope (Nichols and Adams

1982; Herdman 1987, 1988), composed of glucose-rich carbohydrate and amino

compounds as shown for Anabaena cylindrica by Cardemil and Wolk (1976, 1979).

During differentiation, akinetes accumulate both glycogen and granules of cyano-

phycin (Simon 1987).

The position of akinetes along the trichome varies among cyanobacterial species

and strains, where in some cases heterocysts were reported to influence their

location (Wolk 1966). Akinetes develop immediately adjacent to heterocysts in A.
cylindrica but several cells away from the heterocyst in Anabaena circinalis and in

some other planktonic species (Fay et al. 1984; Li et al. 1997). In most cases,

akinetes develop in strings, showing a gradient of decreasing maturity away from

the first to develop. Adams and Duggan (1999) explained the akinete placement in

relation to heterocysts by the need to accumulate large amounts of cyanophycin.

Akinetes undergo various metabolic and morphological changes during their

development and maturation. Metabolic activities of akinetes such as CO2 fixation

showed reduced rates in A. cylindrica and Nostoc PCC 7524 (Fay 1969a; Sutherland

et al. 1985a; Rao et al. 1987; Rai et al. 1985), whereas the rate of respiration was

often elevated (Yamamoto 1976; Herdman 1987), presumably in relation to the

maturation process but lost in older akinetes (Chauvat et al. 1982). Isolated akinetes

of Nostoc spongiaeforma respired in the dark, evolved oxygen in the light and

retained residual capability to synthesize proteins and lipids (Thiel and Wolk 1983).

While developing akinetes of A. cylindrica are metabolically active, they have

significantly decreased activity as they mature (Fay 1969a). Mature akinetes of

A. cylindricawere reported to have little chlorophyll and no functional photosystem
I (PSI) (Fay 1969b). However, the pigment content of akinetes of a different isolate

of A. cylindrica was similar to that of the vegetative cells (Wolk and Simon 1969).

Akinetes of Anabaena doliolum lost both chlorophyll and phycocyanin following

incubation in the dark for several weeks (Singh and Sunita 1974). In vivo fluores-

cence measurements of A. variabilis akinetes suggested that the akinetes lacked a

functional Photosystem II (PSII), although the reaction center chlorophyll was
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present (Bjorn et al. 1983). Using transmission electron microscopy and immuno-

cytological labeling, the 32 kDa – PsbA protein (D1 polypeptide) of PSII was

detected in akinetes (and other cell types) of the cyanobionts within leaf cavities of

Azolla carolinianaWilld (Braun-Howland and Nierzwicki-Bauer 1990). In a recent

study, Sukenik et al. (2007) demonstrated changes in the photosynthetic activities

of individual vegetative cells and akinetes in trichomes of A. ovalisporum during

akinete formation, whereas mature isolated akinetes retained only residual photo-

synthetic capacity. In mature akinetes of A. ovalisporum, the phycobilisome

antenna was reduced in size and apparently detached from the reaction centers.

Similarly, the disappearance of phycocyanin from A. cylindrica akinetes was

reported by Fay (1969b) in accordance with observations on diminishing photosyn-

thetic activity in isolated akinetes (Fay 1969a). The stoichiometric ratio of PSI to

PSII in A. ovalisporum akinetes remained more or less the same as in vegetative

cells and the cellular content of PsbA (D1) and PsaC proteins per cell volume

remained fairly stable (Sukenik et al. 2007). Furthermore, preliminary immuno-

blotting experiments indicated the presence of the RubisCO large subunit in

A. ovalisporum akinetes (Sukenik unpublished). Thus, it was concluded that in

A. ovalisporum the reduction in the phycobilisome pool in mature akinetes is targeted

at minimizing absorption of light energy to diminish potential damage to reaction

centers during dormancy. The presence of reaction center complexes in mature

akinetes ensures a prompt recruitment of photosynthesis upon germination, to ener-

gize essential cellular processes (Sukenik et al. 2009).

Akinetes accumulate both glycogen and cyanophycin, a nonribosomally pro-

duced reserve polymer composed of an aspartate backbone with arginine side

groups (Simon 1987). In akinetes of Nostoc PCC 7524, the mean cellular content

of cyanophycin was eightfold higher than in vegetative cells (Sutherland et al.

1979). However, accumulation of cyanophycin was not specific for akinete

development, vegetative cells also accumulated glycogen and cyanophycin when

entering the stationary phase (Herdman 1987). Incubation of A. cylindrica with the

arginine analogue, canavanine (Nichols and Adams 1982), and mutation of the

arginine biosynthesis gene, argL, in Nostoc ellipsosporum (Leganés et al. 1998),

resulted in the production of akinetes lacking cyanophycin, suggesting that cyano-

phycin accumulation is not essential for the formation of akinetes. Themean cellular

content of RNA, DNA, and protein was similar in vegetative cells and akinetes of

Nostoc PCC 7524 (Sutherland et al. 1979), whereas the akinetes of A. cylindrica
contained the same amount of RNA, but more than twice as much DNA, and ten

times as much protein as vegetative cells (Simon 1977). These high values are

probably a consequence of the increased size of the A. cylindrica akinetes, which

were up to ten times the volume of the vegetative cells (Fay 1969b). In A. ovalisporum,
DAPI staining demonstrated the accumulation of nucleic acids in developed aki-

netes. The intensity and localization of the DAPI signal indicate a homogeneous

dispersion of nucleic acids in the entire akinete volume and the absence of polypho-

sphate bodies (Sukenik et al. 2009). Polyphosphate bodies were rare in mature

akinetes of Nostoc PCC 7524, although they were commonly present in vegetative

cells during akinete differentiation (Sutherland et al 1979).
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2.3 Factors that Influence Akinete Differentiation

Various environmental factors were reported as triggers for differentiation of aki-

netes in different cyanobacterial species and strains (Table 2.1). Themajor, although

not the only, trigger for akinete development is light intensities (Adams and Duggan

1999). For example, in Nostoc PCC 7524 cultivated in the presence of excess

inorganic nutrients, akinetes differentiated as light availability was reduced by

90% or more of the incident light, due to the culture self shading (Sutherland et al

1979). However, high light intensities triggered the formation of akinete in Cylin-
drospermopsis raciborskii (Moore et al. 2005).

Light quality also plays a role in the control of akinete formation. InGloeotrichia,
akinete differentiation was stimulated by green rather than white light. As green

light is the dominant spectral component during bloom conditions, this could also

explain observations by Rother and Fay (1977) that akinete differentiation in natural

populations is frequently associated with the development of surface blooms.

Similar observations were recently reported by Thompson et al. (2009) for the

toxic cyanobacterium A. circinalis, red or green irradiance were much more effec-

tive for akinete production than blue light. For cells grown under a predominantly

red, white, or green irradiance, even short exposures to blue light substantially

reduced the number of akinetes, suggesting that blue light inhibits akinete formation.

Limitation of phosphate has been implicated as a trigger for akinete develop-

ment (Nichols and Adams 1982; Herdman 1987, 1988) and increasing numbers of

akinetes were found during phosphorus deficiency (Sinclair and Whitton 1977). In

A. circinalis, phosphate limitation appeared to be the major trigger, whereas

limitations for N, inorganic C, iron, trace elements, or light had no effect on the

development of akinetes (van Dok and Hart 1996). In N. punctiforme, akinetes were
induced within 2 weeks starvation for phosphate (Meeks et al. 2002). However,

phosphorus was required to allow full development of akinetes in C. raciborskii
(Moore et al. 2003, 2005) and in A. circinalis (Fay et al. 1984).

In addition to phosphate, other nutrients and abiotic conditions are also known to

affect the formation of akinetes. Deficiencies in Mg, Ca, Fe, and S, for example, led

to a decrease in the number of akinetes in Gloeotrichia ghosei, while in a range of

planktonic Anabaena isolates, temperature was important for triggering akinete

differentiation (Li et al. 1997). In A. doliolum (Rao et al. 1987) and Anabaena
torulosa (Sarma and Khattar 1993) a critical C:N ratio appeared to be important. In

C. raciborskii, the formation of akinetes was triggered by an initial temperature

shock, by the frequency of temperature fluctuations, and by high light intensity

(Moore et al. 2005). Recently it was reported that deprivation of potassium ions

(K+) triggered the formation of akinetes in the cyanobacterium A. ovalisporum.
A burst of akinete formation was observed within 1–2 weeks after the induction

(K+ depletion) was imposed (Sukenik et al. 2009). K+-deficiency was found to

induce akinete formation also in Nostoc spongiaeforme and in N. punctiforme
(Sukenik and Summers unpublished). K+-deficiency stimulus seems to induce a

secondary signal, apparently related to cellular osmo-regulation and desiccation
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Table 2.1 Summary of environmental conditions and factors that influence differentiation and

germination of akinetes in various cyanobacterial species (Order Nostocales)

Environmental

variable

Cyanobacterial

species

Reference Observation

A. Differentiation of akinetes

Light intensity1 Anabaena circinalis Fay et al. (1984) Light limitation induced akinete

formationNostoc PCC 7524 Sutherland et al. (1979)

Anabaena
cylindrica

Nichols et al. (1980),

Fay (1969a)

Aphanizomenon
flos-aquae

Rother and Fay (1977)

Cylindrospermopsis
raciborskii

Moore et al. (2005) Increase in light intensity resulted in

an increase in akinete

concentration

Light quality Gloeotrichia
echinulata

Wyman and Fay (1986) Akinete differentiation was

stimulated by green light

Anabaena circinalis Thompson et al. (2009) Red light enhanced differentiation,

short exposure to blue light

inhibited akinete production

Phosphate2 Anabaena
cylindrica

Nichols and Adams

(1982)

Phosphate limitation has been

implicated as a trigger

Cylindrospermum
licheniforme

Fisher and Wolk (1976)

Anabaena circinalis van Dok and Hart

(1996)

Gleotrichia ghosei Sinclair and Whitton

(1977)

Anabaena circinalis,
Nostoc PCC
7524

Fay et al. (1984) Phosphate stimulated akinete

differentiation

Nostoc PCC 7524 Sutherland et al. (1979) Akinetes were never produced in

the absence of phosphate

Temperature3 Anabaena spp. Li et al. (1997) Important for triggering of akinete

differentiation in a range of

strains

Cylindrospermopsis
raciborskii

Moore et al. (2005) Maximum akinete concentrations

were observed in cultures that

experienced multiple diurnal

temperature fluctuations with a

magnitude of 10�C
(25�C–15�C)

C:N ratio Anabaena doliolum. Rao et al. (1987) Critical C:N ratio appeared to be

importantAnabaena torulosa. Sarma and Khattar

(1993)

K+ ion4 Aphanizomenon
ovalisporum

Sukenik et al. (2007) Depletion of potassium from the

medium triggered akinete

formationNostoc
spongiaeforme,
Nostoc
punctiforme

Sukenik and Summers

(unpubl.)

B. Germination of akinetes

Light5 Nodularia
spumigena

Huber (1985) Low light was sufficient for

germination

Anabaena
cylindrica

Yamamoto (1976) Light was essential, germination did

not occur in dark

Anabaena circinalis van Dok and Hart

(1997)

(continued)
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Table 2.1 (continued)

Environmental

variable

Cyanobacterial

species

Reference Observation

Anabaena,
Aphanizomenon

Karlsson-Elfgren and

Brunberg (2004)

Gleotrichia
echinulata

Karlsson-Elfgren et al.

(2004)

Light quality5 Cylindrospermopsis
raciborskii

Wiedner et al. (2007) Red light supported germination

Nodularia
spumigena

Huber (1985)

Anabaena variabilis Braune (1979)

Anabaena doliolum,
Fischrella mucicola

Kaushik and Kumar

(1970)

Germination occurred also in non-

photosynthetic light

Phosphate5 Anabaena circinalis Thompson et al. (2009) Phosphate was required for

germinationAnabaena circinalis van Dok and Hart

(1997)

Nodularia
spumigena

Huber (1985)

Temperature5 Anabaena circinalis Fay (1988) Incubation in high temperatures

(37-45 �C) imposed reduction

in germination rate

Anabaenopsis
arnoldii

Reddy (1983), Pandey

and Talpasayi

(1981)

High germination rate at around

optimal temperature for growth

Nostoc spumigena,
Anabaena

vaginicola

Rai and Pandey (1981)

Aphanizomenon
ovalisporum

Hadas (unpubl.)

Cylindrospermopsis
raciborskii

Wiedner et al. (2007)

Sediment mixing

and

resuspension6

Gleotrichia
echinulata

Ståhl-Delbanco and

Hansson (2002),

Karlsson-Elfgren

et al. (2004)

Germination is enhanced by mixing

of bottom sediment

Anabaena,
Aphanizomenon

Karlsson-Elfgren and

Brunberg (2004)

Aphanizomenon
ovalisporum

Hadas et al. (1999)

Anabaena circinalis Baker and Bellifemine

(2000)

Anabaena sp., A.
solitaria, and A.
lemmermannii

Rengefors et al. (2004)

Anabaena
cylindrica

Yamamoto (1976)

Oxygen Nostoc PCC 7524 Chauvat et al. (1982) Oxygen was essential for

germination

Anabaena circinalis Kezhi et al. (1985)
1The response to light intensity is species dependent
2In some species phosphate deficiency triggers akinete formation while in others a basal level of

phosphate is required for akinete development
3Different temperature optima for different species. Temperature fluctuations play a role in some

species
4K+ -deficiency may be involved in secondary internal signals
5In most cases, conditions that support growth of vegetative cultures are required for germination
6Observations are mainly from lakes and water reservoirs
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that leads to the induction of akinete formation. Adams and Duggan (1999)

postulated that the diverse stimuli, reported to affect akinete formation, induce a

common physiological trigger – perhaps decreased cell division or low energy –

which results in akinete development. Argueta and Summers (2005) speculated that

a metabolic imbalance triggers akinete formation as a zwf mutant of N. spongiae-
forme, lacking the first enzyme of the oxidative pentose phosphate pathway, formed

functional akinetes during dark incubation in the presence of fructose. The collec-

tive observations on the environmental stimuli that trigger akinete formation in

different cyanobacterial species and strains (Table 2.1) are mostly consistent with

cellular energy limitation and cessation of cell division as primary signals.

2.4 Factors Influencing Akinete Germination

Germination of akinetes is a complex coordinated metabolic process triggered by

various ambient conditions such as temperature, increased light availability (day

length and penetration to sediments), and by sediment resuspension induced by

turbulence in proximity to the bottom sediments (Reynolds 1972; Karlsson-Elfgren

et al. 2004) as specified in Table 2.1. Light – This was identified as a significant

factor triggering germination of akinetes. In A. cylindrica, germination was depen-

dent on light intensity and did not take place in the dark or in the presence of DCMU

(Yamamoto 1976). However, in Nodularia spumigena very low light intensities

(0.5 mmol photon m�2 s�1) were enough to initiate germination. Akinetes were not

able to germinate in the dark (Huber 1985; Rengefors et al. 2004) even under

heterotrophic conditions; however, supply of suitable organic carbon may result in

germination (van Dok and Hart 1997). The most active spectral range for germina-

tion was between 620 and 630 nm, coinciding with the maximum light absorption by

C-phycocyanin (Nichols and Adams 1982). Light and phosphate were required for

germination of A. circinalis (van Dok and Hart 1997) and N. spumigena (Huber

1985). Light was an important trigger for the recruitment ofGloeotrichia echinulata
in Lake Erken but not as important for Anabaena and Aphanizomenon in Lake

Limmaren, Sweden. In all species, light was correlated to the scale of recruitment via

germination (Karlsson-Elfgren and Brunberg 2004; Karlsson-Elfgren et al. 2004).

Dilution of an akinete-containing culture with a fresh medium stimulated germina-

tion, apparently due to increased light intensity (Herdman 1988; Adams and Duggan

1999). The process of germination may be photoperiodic (day-length) dependent

and germination would occur only after maturation perioda was completed (Karlsson-

Elfgren et al. 2004). Temperature – The tolerance of akinetes to temperature

extremes vary among species. A. fertilissima akinetes when pretreated at high

(37–45�C) or low (0–7�C) temperatures for 48 h showed no effect on germination,

while a reduced germination rate was observed in akinetes of Anabaenopsis arnol-
dii, N. spumigena, and A. vaginicola when incubated in extreme temperatures

(Reddy 1983; Pandey and Talpasayi 1981; Rai and Pandey 1981). Unlike bacterial

and fungal spores, germination of akinetes of A. cylindrica was not stimulated by
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heat shock (Yamamoto 1976). Akinetes of A. ovalisporum isolated from Lake

Kinneret (Israel) and grown in cultures, germinated within a temperature range of

18–25�C but germination yield was low and unsynchronized (Hadas unpublished).

Based on a field study in a shallow lake in northern Germany, Wiedner et al. (2007)

suggested a germination temperature for C. raciborskii of 15–17�C, but Tingwey
et al. (personal communication) found germination down to 13�C in an experimental

set up with sediment from the same lake. Sediment mixing and resuspension – In G.
echinulata, the process of recruitment from bottom sediments via akinete germina-

tion was influenced by high temperature and light, and significantly enhanced by

mixing of bottom sediment imposed by bioturbation and physical processes (Ståhl-

Delbanco and Hansson 2002; Karlsson-Elfgren et al. 2004). In Lake Kinneret, the

benthic boundary layer and the sediment water interface are subject to turbulence

processes, whereas sediments in the littoral zone are resuspended due to wave

breaks, thus possibly affecting recruitment of akinetes. Bottom sediments collected

from Lake Kinneret and incubated under control conditions in N-free BG11medium

yielded many filaments of A. ovalisporum, pointing to the role of akinetes in the

establishment of a new population (Hadas et al. 1999). It is possible that shallow

wetlands, shallow lakes, and littoral zones of deep lakes provide a conducive

environment for germination of akinetes due to continuous resuspension of akinetes

from the sediments and their exposure to an appropriate level of light (Baker and

Bellifemine 2000; Rengefors et al. 2004) and oxygen, which are crucial for germi-

nation (Fay 1988). Salinity – When N. spumigena akinetes were pretreated at low

(Pandey and Talpasayi 1981) or high concentrations of sodium chloride (Huber

1985), germination rate was reduced. The appearance of A. circinalis germlings

increased with increased salinity up to 2.5 g l�1 with 26.9% germination and

decreased to 0.2% at 5 g l�1. No germination was observed at 10 g l�1 salinity

(Baker and Bellifemine 2000). Nutrients – Addition of organic compounds such as

sucrose and a supply of oxygen increased the efficiency of germination in Nostoc
PCC 7524. Under these conditions all akinetes germinated, although slowly, indi-

cating that successful germination required respiration and cyclic photophosphory-

lation (Chauvat et al. 1982). Germination of akinetes of A. cylindricawas completely

inhibited byDCMU (Yamamoto 1976). Accumulated cyanophycin served as a source

of nitrogen required for protein synthesis in the early stages of germination in

A. variabilis (Braune and Doehler 1996). Degradation of cyanophycin during germi-

nation was observed in Cylindrospermum (Miller and Lang 1968), A. flos-aquae
(Wildman et al. 1975), A. cylindrica (Fay 1969a), and Nostoc PCC 6720 (Skill and

Smith 1987), whereas in Nostoc PCC 7524 other intracellular storage compounds

were consumed (Sutherland et al. 1985a). The involvement of hydrolytic enzymes that

degrade cyanophycin during germination was postulated (Braune 1979).

The environmental stimuli that trigger akinete germination in different cyano-

bacterial species (Table 2.1) generally correspond to the conditions that support

growth of vegetative cultures. In addition, sediment mixing and resuspension play

an important role in germination as they relocate the akinetes from the bottom

sediment into the water column and photic zone.
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2.5 The Germination Process

Germination of akinetes begins with cell division that occurs inside the akinete’s

envelope as described for Nostoc PCC 2574 (Sutherland et al. 1985b; Herdman

1988) and other cyanobacterial species (Moore et al 2004; Hori 2003; Baker and

Bellifemine 2000; Braune 1980). Expansion of the cells results in an increase in

turgor pressure which, consequently leads to a disruption of the envelope and

emergence of the germling from the akinete’s envelope. The open envelope may

remain associated with the developing filament for some time. Morphological

changes of the germling eventually leads to a fully developed young trichome

(Moore et al. 2004). The germination process of A. ovalisporum akinetes, demon-

strated in Fig. 2.2, begins with reorganization of cellular material (Fig. 2.2b)

followed by elongation and division of the spore-like cell and opening of the

akinete envelope on either terminal side of its slightly longer axis (Fig. 2.2c–g).

It is unclear whether the envelope disruption is assisted by enzymatic activity or if it

occurs merely due to the increased internal pressure resulting from the expanded

cells. Finally, the germling, comprised of several cells, emerges from the akinete

(Fig. 2.2 h). In some strains such as N. punctiforme, during germination the entire

akinete wall may dissolve and, hence, not be microscopically visible (Adams and

Duggan 1999; Meeks et al. 2002). Akinetes of A. ovalisporum isolated from Lake

Kinneret did not germinate synchronously and the germination frequency was low.

Germination of Cyanospira akinetes was accompanied by de novo synthesis of

proteins which took place prior to the first cell division (Sili et al. 1994).

In A. circinalis, photosynthetic activity provided the energy for akinete germination

(Kezhi et al. 1985), but the rate of germination was determined by the respiratory

oxygen uptake of the akinetes, in a temperature-dependent manner (Fay 1988).

a b c d

e f g h

Fig. 2.2 Germination stages in akinetes of A. ovalisporum. (a) A free akinete and two connected

akinetes within a filament of vegetative cells; (b) A matured granulated akinete; (c) The envelope

of the akinete is opened (ruptured); (d)–(g) A germling emerging from the envelope; (h) A young

filament; Black horizontal scale bar indicates 10 mm
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An additional stage (although not an obligatory one) in the germination process is

the development of gas vacuoles that support successful flotation of germlings and

trichomes in the water column as depicted in Fig. 2.1. In G. echinulata, the newly
formed filaments float 2–4 days after germination (Karlsson-Elfgren et al. 2004).

2.6 Ecological Functions of Akinetes

Variable harsh conditions imposed in laboratory studies showed that akinetes are

resistant to low temperatures and desiccation, but not to heat, with the exception of

A. cylindrica which germinate after drying at 60�C or under sunlight (Hori et al.

2003). Extended survival was reported for akinetes of A. cylindrica surviving in the
dark and dry state for 5 years, whereas vegetative cells survived no longer than

2 weeks under similar conditions (Yamamoto 1975). Akinetes of Nostoc PCC 7524

survived in the dark at 4�C for 15 months, whereas vegetative cells lost viability

within 7 days (Sutherland et al. 1979). Akinetes of Aphanizomenon and Anabaena,
18 and 64 years old, respectively, found in the sediment of RostherneMere (England)

were viable and successfully germinated (Livingstone and Jaworski 1980). Thus,

akinetes do not only have a temporary resting function, but may also ensure the long-

term survival of a species giving it an ecological advantage. The term temporary

resting means the overwintering and survival through dry periods. In temperate

climatic zones, where the vegetative cells die in autumn, akinetes are a key factor

in the annual life cycle of Nostocales (Fig. 2.1). A good example is the life cycle

regulations of C. raciborskii in North German lakes where the time of germination

was temperature mediated but further growth was mainly controlled by underwater

light supply (Wiedner et al. 2007). Using a simple mathematical model it was

demonstrated that temperature is the most important variable determining the popu-

lation size: the earlier the germination took place in spring a larger population was

recorded the next summer.C. raciborskii population size determines the annual input

of akinetes to the sediment (R€ucker et al. 2009 submitted). Consequently, interannual

variations in pelagic populations were reflected by a varying number of akinetes

deposited in the sediment, representing different inoculum sizes for the proceeding

growing season. Although the akinete “seed bank” in the sediments of lakes is

important for the recolonization of the pelagic zone, the contribution of akinetes

toward the bloom success of next year’s population of Nostocales seems to be rather

small: 0.62% in Green Lake, OR (Barbiero and Welch 1992), 8% in Agency Lake,

OR (Barbiero and Kann 1994), and 0.003–0.05% in Lake Limmaren, Sweden

(Karlsson-Elfgren and Brunberg 2004). However, small deposits of akinetes may

be sufficient for later colonization. For instance, C. raciborskii population size in a

shallow German lake was more dependent on abiotic conditions after germination

than on the inoculum size (R€ucker et al. 2009 submitted).

Besides their role in survival, akinetes have the ability to serve as dispersal units.

The most dramatic change in geographic distribution could be observed for the

originally tropical cyanobacterium C. raciborskii, which spread from tropical to
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temperate regions on all continents except Antarctica during recent decades

(Padisák 1997). Two hypotheses have been put forward to explain these changes

in biogeography (a) the species spread to temperate regions due to increasing water

temperatures associated with climate change and (b) selected ecotypes with lower

temperature and light requirements have spread northward. Wiedner et al. (2007)

assumed that an earlier rise in water temperature associated with climate change has

promoted the species expansion. Transport of akinetes by migratory birds as a

possible means of dispersal (Padisák 1998) may increase the chances of akinete-

producing strains to be spread. The possible role of akinetes as a prerequisite for

spreading of Anabaena bergii and Aphanizomenon aphanizomenoides, which

invaded lakes of northern Germany was also hypothesized by St€uken et al. (2006)

The robust shells of akinetes are useful microfossil indicators, which may

contribute to the reconstruction of earlier phytoplankton composition and trophic

state of water bodies (van Geel 1986; van Geel et al. 1994). The invasion of

C. raciborskii to north German lakes in the last 10–20 years could be proved by

the detection of akinete shells in the upper part of sediment cores of two shallow

lakes (R€ucker et al. unpublished data). Since akinetes may stay viable in deeper

sediment layers for a long time, providing an interesting tool for studying genetic

variability of ancient Nostocales populations, or perhaps even physiological studies

if they could be germinated and induced to grow in the laboratory.

2.7 Genes Involved in Akinete Differentiation

While the formation of akinetes presents a relatively simple model for cellular

differentiation, the elucidation of the molecular mechanism regulating and involved

in this process lagged until recently.Many studies were carried out using filamentous

cyanobacteria to decipher the differentiation of nitrogen-fixing cells, heterocysts,

from photosynthetically active vegetative cells but only few attempts focused on the

differentiation of the dormant forms (Meeks et al. 2002). Heterocysts were used as a

preferred model, mainly for their simple cell differentiation triggered by deprivation

of fixed nitrogen. The advanced data accumulated on heterocyst formation suggest

that these cells and akinetes share some commonalities in the molecular pathway of

cell differentiation (Zhang et al. 2006). Four genes were found to be involved in both

differentiating cells. One of these genes is hepA. A mutation in this gene resulted in

alterations of akinete and heterocysts envelopes in Anabaena variabilis (Leganés

1994). This gene encodes for an ABC transporter required for the deposition

of polysaccharides in the envelope of both cell types. The second gene, also impli-

cated in polysaccharide synthesis is devR. devR encodes for a response regulator of a

two-component system. When this gene was overexpressed in Nostoc punctiforme,
an increase in akinete differentiating cells was observed (Campbell et al. 1996). The

third gene found to be involved in both heterocysts and akinetes differentiation is

hetR, which encodes for a DNA-binding protease. This gene when mutated by a

transposon insertion in N. ellipsosporum resulted in a failure of cells to differentiate
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either to heterocysts or akinetes. Further analysis using the luciferase reporter gene,

showed that hetR was expressed in akinetes (Leganés et al. 1994). In Nostoc
punctiforme, a hetR mutant was capable of producing akinete-like cells. These

akinetes-like cells lacked the granular characteristics found in the wild type. Both

types of akinetes, however, mutant and wild type, had similar viability upon low-

temperature treatment following phosphate starvation, when compared to vegetative

cells. Therefore, it was suggested that although involved in the process, hetR is not

essential for akinete differentiation (Wong andMeeks 2002). Another gene affecting

akinete and heterocyst development in Nostoc ellipsosporum is argL, which encodes
for an N-acetylglutamate semialdehyde dehydrogenase, an enzyme involved in

L-arginine biosynthesis. A mutation caused by a transposon insertion in argL of

N. elipsosporum resulted in smaller than wild type akinetes, which lack cyanophy-

cin granules and failed to germinate (Leganés et al. 1998).

The study of akinete differentiation at the molecular level has been limited by

the asynchronous development and restricted number of akinetes formed within a

filament and by the lack of a marker gene for developing or mature akinetes. The

first akinete marker was identified in Anabaena variabilis (Zhou and Wolk 2002)

representing a breakthrough in the study dormant cells development in cyanobac-

teria. Separation of total protein extract by SDS-PAGE showed the presence of a

43-kDa protein in akinetes. This protein was designated AvaK. avaK was highly

expressed in akinetes but to a small degree in vegetative cells as was demonstrated

by GFP fusion in this strain (Zhou and Wolk 2002) and in N. punctiforme (Argueta
et al. 2004). The deduced protein sequence of AvaK shows the existence of a PRC

barrel domain in its N-terminal region, a domain implicated in RNA metabolism

(Anantharaman and Aravind 2002); however, the function of this gene remains

unknown. Synchronized differentiation of akinetes was reported in the zwf mutant

of Nostoc punctiforme (Argueta and Summers 2005), which lacks the activity of

glucose-6-phosphate dehydrogenase, the first enzyme of the oxidative pentose

phosphate pathway (Summers et al. 1995). In this mutant, vegetative cells differ-

entiate into akinetes synchronously, following dark incubation of cultures with

fructose as an external carbon source. It was, therefore, chosen as a preferred strain

for studies of akinete development (Argueta and Summers 2005).

The identification of an akinete marker, together with a reliable system that gives

synchronous akinete differentiation allowed the application of high-throughput

technology to study akinete formation in cyanobacteria. Argueta et al. (2006)

reported the detection of three novel genes involved in akinete differentiation.

These genes were detected by differential display and confirmed with quantitative

RT-PCR and promoter fusions to a reporter gene (GFP) to demonstrate cell-type-

specific gene expression. The genes were designated (a) aet (Npun_F0062) an

akinete expressed transporter encoding an ABC transporter with high similarity

to the E. coli MsbA a lipopolysaccharide transporter. (b) aapN (Npun_F5999) –

an akinete aminopeptidase belonging to the M28 peptidase family. (c) hap
(Npun_R4070) a hormogonium/akinete-expressed protease homologous to the

b-subunit group of the M16 zinc-dependent proteases complex.
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Sequencing of the N. punctiforme genome allowed the production of an open

reading frame (ORF) microarray. This was then used to compare the global gene

expression of N. punctiforme cultures with heterocyst and during the differentiation

of hormogonia and zwf akinetes (Campbell et al. 2007). In that study, a single time

point, 3 days into the akinete differentiation process was tested. During that time

window, 255 genes were up-regulated, 41% of which encoded for characterized

proteins. The global gene expression 3 days after induction, showed an increase in

transcript levels of four transcription regulators: two transcription factors members

of the Crp family and two sigma factors. There was an increase in genes involved in

cell envelope metabolism, such as amiC, encoding for an enzyme that biodegrades

peptidoglycan linker bonds. The expression of nblA gene that encodes for a phyco-

bilisome degradation protein increased as well (Campbell et al. 2007). It is postulated

that the increase in the expression of nblA facilitates the degradation of phycobili-

some antenna in maturating akinetes as reported by Sukenik et al (2007). The avaK
orthologous gene encoding the akinete marker was up-regulated as well in a 3-days-old

akinete induced culture of N. punctiforme (Campbell et al. 2007). A. ovalisporum
genes orthologous to avaK, aet, and nblA were highly expressed in isolated akinetes

as compared to their expression level in vegetative cells of an exponentially grown

culture as shown by a semiquantitative RT-PCR experiment (Fig. 2.3). These results

are consistent with the expression of avaK in A. variabilis (Zhou and Wolk 2002),

with N. punctiforme differential display results for aet (Argueta et al. 2006), and

with microarray results from zwf akinetes for nblA and avaK (Campbell et al. 2007).

Transcript levels of patA and the CHF class protease – hetF genes increased

during heterocyst differentiation. Transcript levels of both genes were also increased

in the akinete-forming culture (Campbell et al. 2007), suggesting a common regu-

latory pathway for differentiation of these two cell types. During heterocyst devel-

opment, the expression pattern of the cell differentiation regulatory protein hetRwas

Fig. 2.3 SQ-RT-PCR (semiquantitative reverse transcriptase-PCR) of akinete marker genes in

Aphanizomenon ovalisporum using specific primers for the A. ovalisporum orthologous genes to

avaK, aet, and nblA. RNA was extracted from an exponentially grown culture lacking akinetes

(Veg.) and from isolated akinetes (AK). Negative controls contained only RNA as template (R) or

no template (nt). The positive control contained genomic DNA (D) as template in the PCR reaction
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similar to that of ntcA, suggesting amutual dependency in the expression of these two

genes (Muro-Pastor et al. 2002). HetF was found to be essential for proper regulation

of HetR both in the transcription and posttranslational level (Risser and Callahan

2008). The gene hetF is constitutively expressed in both vegetative cells and hetero-

cysts (Wong and Meeks 2001). In heterocysts, PatA facilitates HetF activity to

regulate the levels of HetR in an unknown manner (Risser and Callahan 2008).

Interestingly, in A. ovalisporum cultures induced to form akinetes, the expression of

patA was observed only after 3 weeks of induction, and its transcript was preferen-

tially found in mature akinetes (Kaplan-Levy unpublished). devR encodes a small

protein similar to the receiver domain of two-component regulatory systems that was

implicated in heterocyst cell envelope formation and required for normal nitrogen

fixation in N. punctiforme (Campbell et al. 1996). The presence of a complementing

devR gene on a multicopy plasmid resulted in induction of akinete formation under

noninducing conditions, implicating it in a phosphorelay system involved directly, or

indirectly, through crosstalk, with development of heterocysts and akinetes.

In akinete induced cultures of A. ovalisporum, the transcript levels of devR increased

in a similar manner to that of hetR and hetF, with high levels in the isolated akinetes
(Kaplan-Levy unpublished). It is suggested that the HetR regulatory pathway is

involved also in the akinete differentiation process. However, unlike in heterocysts

differentiation, we postulate that this pathway is activated at later stages of akinete

differentiation, leading to akinete maturation. In heterocysts, the HetR pathway leads

to activation of several processes (a) the synthesis of a polysaccharide envelope a

process in which DevR is implicated; (b) deposition of a glycolipid layer (possibly

via expression of aet); (c) cell division is stopped; and (d) cessation of oxygenic

photosynthetic activity (Zhao and Wolk 2007). The first three processes are also

essential for the formation and maturation of akinetes.

2.8 Similarity of Akinetes to Dormant Forms of Other

Prokaryotes

Other types of prokaryotes form specialized differentiated resting cells in response

to nutritional stress. These cells display less metabolic activity than their vegetative

counterparts and do not divide. As is found for akinetes, differentiated resting cells

are commonly more resistant to environmental stress, and exhibit an altered mor-

phology relative to vegetative cells.

Endospores, so termed due to spore formation within an existing cell, are among

the most resistant dormant cells. They are commonly found among the gram-

positive Bacillus, Clostridia, and the thermophilic genus Thermoactinomyces
(Cross 1968). Endospore development begins with an asymmetric septation within

a single cell. The larger compartment, destined to become the “mother cell,”

engulfs the smaller cell destined to become the endospore. Each cell type contri-

butes materials to the endospore envelope to create a thickened multilayered

protective envelope, while the nucleoid of the endospore is condensed and
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protected by interactions with newly synthesized proteins and compounds. Lysis of

the mother cell releases the mature endospore, which is resistant to boiling, radia-

tion, and chemical attack (Setlow 2000). Akinetes do not undergo internal septation

and engulfment, instead create the dormant form by deposition of additional

protective layers around an existing cell. Endospores exhibit no detectable metabo-

lism or ATP, a characteristic that also separates them from akinetes, and spores of

streptomyces and myxobacteria (Setlow 2000). The timing and gene regulation

involved in septation, engulfment, and deposition of endospore envelope layers

between the mother cell and developing endospore has been extensively studied,

and used as a model for comparison with other prokaryotic developmental systems.

It is controlled by the sequential action of different compartment-specific sigma

factors and signaling by two-component regulatory systems (Kroos 2007).

Another type of dormant cells are cysts, such as those formed by Azotobacter
and Rhodospirillum. In Azotobacter vinelandii, the differentiating cell accumulates

poly-b-hydroxybutyrate (PHB) and forms a large sphere surrounded by a thick

multilayered covering consisting of an inner layer containing carbohydrates and

lipids, and an outer layer composed of lipopolysaccharides and lipoproteins (Pope

and Wyss 1970). Like akinetes, A. vinelandii cysts are minimally resistant to heat,

are resistant to desiccation, and can be observed to germinate from ruptured cyst

envelopes (Socilifsky and Wyss 1962). Akinetes also accumulate storage material,

albeit in the form of glycogen and cyanophycin. Cysts of the anoxygenic photosyn-

thetic bacterium Rhodospirillum centenum contain multiple cells per cyst, but show

many similarities to cyst formation in A. vinelandii (Berleman and Bauer 2004).

Streptomyces and myxobacteria also contain well-studied examples of bacteria

that differentiate into spores. Streptomyces are the most complex type of gram-

positive actinomycetes that grow as a mycelium of branching hyphal filaments.

The best studied is Streptomyces coelicolor that produces a series of aerial spores

from long hyphae growing up from the colony upon nutrient depletion, similar to the

sporulation and dispersal strategy used by molds (Wildermuth 1970). Although

superficial similarity exists between S. coelicolor spore formation and that

of akinetes in strains exhibiting contiguous stretches of maturing akinetes within a

filament, cyanobacterial akinete formation does not physically resemble this process.

In gram-negative myxobacteria such as Myxococcus xanthus, large numbers of

spores are formed within fruiting bodies. Fruiting body formation occurs on solid

substrates when large numbers of motile myxobacteria sense a nutritional down-

shift (Dworkin 1996). By comparison, cyanobacterial akinetes form individually

within non-motile filaments and are not enclosed in a larger structure. Any cell–cell

signaling would be limited to adjacent cells and those in close proximity on other

filaments. In myxobacteria, only a small proportion of cells is destined to become

spores in a fruiting body, whereas in some cyanobacteria as differentiation proceeds

down a filament, all the vegetative cells can eventually convert to akinetes (e.g.,

Nostoc strains). In other strains, differentiation into akinetes occurs not progres-

sively along a filament but simultaneously along long sequences of cells (Sarma and

Khattar 1993). Akinetes are similar to spores of Streptomyces andMyxococcus, but
unlike endospores they are not resistance to extreme heat (Setlow 2000).
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Both M. xanthus and Streptomyces spores contain large amounts of the disac-

charide trehalose, which has been implicated in their desiccation protection (Cruze-

Martin et al. 1989; McBride and Ensign 1987). Trehalose and sucrose have been

shown to be induced in cyanobacteria found in desert crusts (Hershkovitz et al.

1991). Extracellular polysaccharides of desiccation-resistant cyanobacteria in com-

bination with trehalose or sucrose have been shown to stabilize membrane structure

(Hill et al. 1997), which could account for an alternative mechanism of desiccation

resistance for these sugars, in addition to their role as “chemical chaperones” within

the cytoplasm (Crowe et al. 1998). A smaller but significant induction of sucrose by

desiccation stress was found in Anabaena 7120, although very little trehalose

accumulation was observed (Higo et al. 2006), indicating a plausible explanation

for the range of desiccation resistance observed among cyanobacteria. The

increased amount of polysaccharides in the envelope of akinetes (Cardemil and

Wolk 1981; Wolk et al. 1994) could play a role similar to the external polysacchar-

ides of desiccation-resistant cyanobacterial species; however, the presence and role

of these polymers remain largely unexplored.

As in Bacillus endospore formation, regulation of sporulation in streptomyces

and myxobacteria has been linked to regulatory cascades that include interactions

between sigma factors and members of two-component regulatory systems (Chater

2000; Kroos 2007). Research into the regulation of akinete formation is still in its

infancy. However, the identification of two alternative sigma factors and a subset of

two-component regulatory systems up-regulated in zwf akinetes (Campbell et al.

2007) provide hints that similar regulatory cascades may be involved in akinete

formation.

2.9 Conclusions and Future Prospects

Differentiation of vegetative cells to dormant forms (akinetes) in cyanobacteria that

belong to the orders Nostocales and Stigonematales, and the role of akinetes in the

life history and the success of cyanobacteria in nature have been studied since 1856

(see Herdman 1987). Structural changes and metabolic variations during akinete

formation and maturation were described for a wide range of species and strains.

Nevertheless, understanding of mechanisms that trigger akinete formation via the

conversion of a vegetative cell within a filament into a resting cell was hindered

until recently. Identification of environmental triggers that induce akinete forma-

tion, the availability of mutants that form akinetes under well-defined conditions

and above all, development of advanced genomic tools that have been implemented

to study the regulation and differentiation of cyanobacteria, have allowed progress

in understanding the akinete differentiation process. Significant progress in analysis

of mechanisms that lead to akinete maturation has been made recently. Further

identification of signal perception and transduction as well as characterization of

cellular processes and metabolic activities leading to the formation of akinetes are

expected in the near future.
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Numerous genes, including regulatory genes that are involved specifically in

maturation have been identified, and microarray experiments have demonstrated

that many genes are activated at different times during akinete induction and

maturation. The involvement of regulatory cascade and transcription factors, pri-

marily associated with the formation of heterocysts, were also identified in the

akinete induction process. These findings clearly support an early notion (Wolk

et al. 1994) that heterocysts may have evolved from akinetes.

Implementation of various molecular techniques and data from fully sequenced

genomes of several Nostocales species ensure a rapid advancement toward a better

understanding of the dormancy phenomenon in cyanobacteria. Akinete transcrip-

tomic, proteomic, and metabolomic data is rapidly accumulating and the mecha-

nism of dormancy in cyanobacteria is emerging as a heterogeneous process, as has

been found in other prokaryotes, protists, and higher organisms. However, many

questions are yet to be resolved: How are external signals that initiate germination

perceived by an akinete and how are they processed to resume a fully active

dividing vegetative cell? What are the factors that determine which vegetative

cells along a filament will differentiate into akinetes? How are cellular and regu-

latory processes integrated into the environmental phenomenon of seasonal repeti-

tive blooms? And finally, can we learn from akinete formation and dormancy

processes about long-term preservation of eukaryotic cells under permissive tem-

peratures and other environmental conditions?
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Chapter 3

Saccharomyces cerevisiae Spore Germination

Cecilia Geijer, Daphna Joseph-Strauss, Giora Simchen, Naama Barkai,

and Stefan Hohmann

Abstract Saccharomyces cerevisiae spore germination is the process in which

dormant spores resume growth. Upon exposure to glucose and other essential

nutrients, the spore gradually loses its spore characteristics and starts acquiring

properties of a vegetative cell. Translation and transcription are initiated early in the

germination process. Global gene expression analysis has revealed that germination

can be divided into two stages prior to the first cell cycle. During the first stage, the

transcriptional programme resembles the general response of yeast cells to glucose.

During the second stage, the spores sense and respond also to other nutrients than

glucose. In addition, genes involved in conjugation are upregulated in germinating

spores and mating is initiated before the first mitotic cell cycle. Here, we review the

current understanding of the cellular rearrangements and the genes and proteins

involved in germination.
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3.1 Saccharomyces cerevisiae as a Model Organism

for Dormancy

Most eukaryotic cells spend the majority of their lives in a resting state. This is true

for unicellular organisms as well as cells in multicellular organisms. Basic cellular

processes are conserved among eukaryotes and studying the molecular and genetic

mechanisms of the establishment of and exit from dormancy in baker’s yeast will

broaden the understanding of these shared mechanisms.

Upon starvation, S. cerevisiae can form two different types of dormant cells:

quiescent or stationary phase cells and spores. When conditions become favourable

again, cells exit from stationary phase and spores germinate. How stationary phase

cells respond to nutrient addition and resume growth has been intensively studied

(Gray et al. 2004). On the other hand, the mechanisms controlling spore germina-

tion are still relatively unexplored.

As sporulation has been the subject of a number of excellent reviews (Mitchell

1994; Vershon and Pierce 2000; Engebrecht 2003; Neiman 2005), focus of this

chapter will be on yeast spore germination.

3.2 Yeast Sporulation

The sporulation process is initiated when a diploid a/a cell is faced with starvation

(Fig. 3.1). There are three nutritional conditions that need to be met for sporulation

to initiate. First, the growth media must lack a fermentable carbon source, such as

glucose or fructose. Second, a non-fermentable carbon source (such as acetate)

must be present, since energy is needed for the cell to complete the sporulation

process. Third, at least one essential nutrient such as nitrogen, phosphate, sulphate

or methionine must be lacking (Freese et al. 1982).

Sporulation in yeast consists of two overlapping processes: meiosis and spore

morphogenesis. When transferred to sporulation medium, cells exit the mitotic cell

cycle at G1. They go through the meiotic prophase where DNA is synthesised,

meiotic recombination occurs and the synaptonemal complex forms. Prophase is

followed by meiosis I (chromosome segregation) and meiosis II (chromatid separa-

tion). At the end of meiosis II, four so-called forespore membranes are formed

around each haploid nucleus within the mother cell cytoplasm. Spore walls are

subsequently formed around the forespores, which is then followed by spore

maturation (Mitchell 1994). Starting from one diploid cell the end product is one

ascus with four ascospores, two of mating type a and two of mating type a. Ascus
formation is a feature that gives the entire group of fungi its name: ascomycetes.

The spore wall consists of four layers (compared to the vegetative cell wall

with only two layers). The inner two layers mainly consist of mannan and beta-

1,3-glucans, respectively. Those are followed by a layer of chitosan and finally a

thin layer consisting for the most part of dityrosine molecules. The outer two layers
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(the outer spore coat) give the spore much of its characteristic resistance to environ-

mental stresses such as heat, desiccation, chemicals and UV-irradiation (Briza et al.

1988).

3.3 The Dormant Spore

Spores kept in solution at 4�C are able to survive for months and years, and the

mRNA they contain is stable under these conditions (Brengues et al. 2002). Among

mRNAs found in spores are those transcribed from sporulation-specific genes and

genes needed for utilisation of non-fermentable carbon sources, amino acid biosyn-

thesis and stress-induced genes (Joseph-Strauss et al. 2007). Spores incubated in

water at 30�C show a metabolic rate of about 5% of vegetative cells, incorporating

both 3[H]uracil and 35[S]methionine at a steady state (Brengues et al. 2002). This is

contradictory to the general view of a yeast spore being completely dormant. It has
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Fig. 3.1 Life cycle of Saccharomyces cerevisiae. A diploid cell experiencing starvation sporulates

and forms an ascus containing four spores, two of mating type a and two of mating type a. Upon
exposure to carbon and nutrients, the spores germinate. Either the germinated spores resume

vegetative growth, form shmoos and mate with a haploid cell of the opposite mating type, or

mating occurs within the ascus before the first mitotic cell cycle is initiated
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been shown that spores incubated for weeks at 30�C lose viability (Brengues et al.

2002), possibly because they are metabolically active and eventually deplete all

sources for energy.

mRNAs in dormant spores are capped and polyadenylated and both the hetero-

geneous size and molecular weight of polyadenylated RNA in spores are compara-

ble to RNA in a vegetative cell. The mRNA in spores is associated with both

ribosomes and polysomes, but there seem to be a greater fraction of mono-ribosomes

in spores than in vegetative cells. Also, spore polysomes contain fewer ribosomes

per polysome as compared to vegetative cells (Harper et al. 1980; Brengues et al.

2002). This suggests that those mRNAs are translated into a protein at a lower rate

than in vegetative cells.

3.4 Germination

S. cerevisiae spore germination is the multi-step process in which spores break

dormancy, re-enter the mitotic cell cycle and resume vegetative growth (Fig. 3.1).

During the germination process, the spore slowly loses its spore characteristics and

starts acquiring properties of a vegetative cell. Spore germination resembles in

many ways exit of stationary phase for vegetative cells (Gray et al. 2004). At the

same time, it has unique features such as uncoating of the spore cell wall.

3.4.1 Nutritional Requirements for Germination

Spores germinate most readily in rich growth medium together with the ferment-

able carbon source glucose. The rate of germination in synthetic medium is

somewhat slower than in rich medium, indicating that growth factors in the medium

support the process. The presence of a carbon source is essential for germination to

take place as spores incubated in synthetic medium without addition of a carbon

source do not germinate. In fact, glucose alone can induce germination whereas

oxygen and nitrogen are dispensable for the early germination events (Palleroni

1961; Herman and Rine 1997). Germination can also start upon addition of a non-

fermentable carbon source in the presence of oxygen, but then at a slower pace and

frequency than for glucose-treated spores (Donnini et al. 1986). It has been shown

that addition of glucose to spores induces a rapid spike in the cAMP level, similar to

what is seen for vegetative cells starved for glucose. Interestingly, addition of

nitrogen (in the presence of glucose) to spores also triggers an increase in cAMP.

This is not seen for nitrogen-starved vegetative cells (Thevelein 1984). It is not

known exactly how the dormant spores sense the presence of nutrients. Whether the

spore detects the essential nutrients simultaneously or if glucose is sensed first and

this initial signal then enables the cell to recognise other nutrients still needs to be

determined.
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The glucose needs to be taken up and metabolised; its mere presence is not enough

for germination to take place. Addition to the medium of the non-metabolisable

glucose analog 2-deoxyglucose is not enough to initiate germination (Herman and

Rine 1997). Consistently, a gal1 mutant (a mutant unable to convert galactose to

glucose) cannot germinate on galactose-containing medium. Spores become com-

mitted to germinate already after a short exposure to glucose-containing media:

when spores incubated with glucose for 1 h are shifted to just water they continue to

germinate (Herman and Rine 1997). Glucose alone is sufficient to stimulate spore

wall uncoating and swelling, but cannot induce mitotic cell cycle events (Herman

and Rine 1997; Joseph-Strauss et al. 2007).

3.4.2 Germination: The Process

Upon germination, the first noticeable morphological change is a decrease in

electron density, which indicates a swelling of the tightly packed spore. Viewing

a non-germinating spore with a scanning electron microscope, the outer surface

looks smooth. Throughout germination, the spore wall surface becomes more and

more uneven with continuous ridges over the entire surface (Rousseau et al. 1972).

The outer two spore layers are locally degraded to allow swelling, whereas the inner

two layers stay intact. These inner layers will serve as the cell wall of the out-

growing vegetative cell (Hashimoto et al. 1958). Next, the germinating spore

becomes pear-shaped, and further out-growth is seen as an elongation at one end

of the cell. The outgrowth part of the cell has a smoother surface than the older part.

Elongation continues until the initial bud formation takes place several hours into

germination (Rousseau et al. 1972; Kono et al. 2005). There is a rapid decrease in

optical density by the spore population at the onset of germination, followed by an

increase in optical density again about 2 h into germination. Cell weight decreases

about 10% during the first hour and then increases at a steady state for the rest of the

developmental process (Rousseau et al. 1972).

Germination is composed of both a polarised growth phase and a depolarised

growth phase. When germination begins, the long axis increases rapidly. Later,

both the long and the short axis increase at approximately the same rate until the

first bud appears (Kono et al. 2005). The actin cytoskeleton has been shown to play

an important role during germination. Treatment of germinating spores with an

actin polymerisation inhibitor results in a severe delay of germination progression,

whereas germinating spores expressing a constitutively active Rho1 (GTP-binding

protein involved in establishment of cell polarity) show an aberrantly elongated

morphology (Kono et al. 2005).

While the dormant spore is resistant to a range of environmental stresses, the

germinating spore gradually loses resistance to those conditions. Zymolyase, a

cocktail of cell-wall degrading enzymes, breaks down the wall of vegetative cells

but not of spores. Acquisition of Zymolyase sensitivity is defined as an early

germination event. It occurs much earlier than bud emergence, and also before
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spore elongation and either before or in parallel to spore swelling (Herman and Rine

1997). Also, loss of heat shock resistance is an early event of germination (Joseph-

Strauss et al. 2007).

3.4.3 Macromolecular Synthesis and Degradation

Proteins are synthesised very early on in germination, closely followed by or in

parallel to synthesis of RNA. In contrast, DNA synthesis starts first some hours after

addition of germinant (Rousseau and Halvorson 1973; Armstrong et al. 1984;

Joseph-Strauss et al. 2007). As dormant spores contain mRNA associated with

ribosomes, the initial protein synthesis is likely dependent on, at least in part, pre-

existing mRNAs in the spore (Rousseau and Halvorson 1973). Intriguingly, late in

the sporulation process genes encoding ribosomal proteins are upregulated (Primig

et al. 2000). Possibly these ribosomal proteins are required for spore dormancy

maintenance and/or germination.

Dormant spores contain mRNAs that are stable even when spores are kept for

months in water at 4�C and at least for days at 30�C. Upon germination, many of

these mRNAs are rapidly degraded (Brengues et al. 2002; Joseph-Strauss et al.

2007).

3.4.4 Trehalose Breakdown

Dormant spores contain high amounts of the stress metabolite trehalose. Trehalose

serves as a storage carbohydrate and has a protective role during dormancy. Likely,

trehalose functions as a carbon source for energy during the dormant stage (Barton

et al. 1982). A drop in adenosine 50-triphosphate (ATP) and the resulting drop in

intracellular pH are suggested to trigger the slow mobilisation of trehalose in

dormant spores (Thevelein et al. 1982).

Spore germination is characterised by a rapid breakdown of the stored trehalose.

The spore content of trehalose decreases with the loss of optical density seen during

the first hours of germination. The addition of glucose alone is sufficient to

stimulate trehalose breakdown, but after some time in only glucose the spores

stop germinating and start to re-accumulate trehalose. In the presence of both

glucose and nitrogen, the trehalose is completely mobilised and the spores are

able to germinate (Thevelein et al. 1982). Addition of acetate as a carbon source

supports the initiation of germination but does not induce breakdown and mobilisa-

tion of stored trehalose (Donnini et al. 1988). Trehalase, the enzyme that catalyses

breakdown of trehalose to glucose, is stored in an inactive form in the dormant

spore. Within the first minutes after addition of germination medium, a rapid

increase in trehalase activity is observed. Initial activation of trehalase cannot be

inhibited by the protein synthesis inhibitor cycloheximide. In germinating spores,
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most of the energy comes from breakdown of the exogenous supplied carbon source

with only a small contribution deriving from the stored trehalose. In rich medium,

the energy contribution from the medium has been shown to be at least 70% of the

total energy demand (Thevelein et al. 1982).

3.4.5 Global Changes in Gene Expression During Germination

The initiation of germination is followed by a rapid and intensive change in gene

expression pattern. Although the importance of these changes during early stages of

spore germination is not well understood, studying the global transcription

programme has provided a comprehensive insight into spore germination and the

progression throughout this multi-step process (Joseph-Strauss et al. 2007).

Consistent with the immediate induction of protein synthesis in the germinating

spores, genes that are related to protein translation are strongly and rapidly upre-

gulated. In contrast, genes that are associated with stress are expressed in spores and

downregulated immediately upon the initiation of germination, as spores are

released from the stress. The shift to glucose metabolism is reflected in the

immediate and strong downregulation of genes that are associated with growth on

a non-optimal carbon source (e.g. genes encoding enzymes in gluconeogenesis).

Further, genes associated with the proteosome, oxidative phosphorylation and the

TCA cycle are expressed in dormant spores and their expression is downregulated

when germination starts (Fig. 3.2) (Joseph-Strauss et al. 2007).

3.4.5.1 Two Stages of Germination Prior to the First Mitotic Cell Cycle

Genome-wide expression analysis of the response of spores to different components

of the germination medium suggests that spore germination, prior to the first cell

cycle, can be divided into two major stages. The first stage starts immediately upon

addition of germinant and continues for 1.5–2 h. During this early stage, the spores

respond mainly to glucose in the growth medium, and glucose alone is sufficient to

fully induce the transcriptional response. The transcriptional programme princi-

pally recapitulates the general response of yeast cells to glucose and reflects the

shift to glucose metabolism, the release from stress and the initiation of growth.

Spores incubated in growth medium without glucose show almost no change in

gene expression pattern relative to resting spores (Joseph-Strauss et al. 2007).

At the transition between the first and the second stage the germinating a and a
spores start to sense each other’s presence, and they respond by strong induction of

genes involved in conjugation (Fig. 3.2). The second stage of germination starts

about 2 h following the induction of germination and continues until the germinating

spores enter the first mitotic cell cycle. Only during the second stage the germinat-

ing spores are able to readily sense and respond to components in the environment
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other than glucose. While gene expression during rich medium-induced germina-

tion continues to change gradually, gene expression in spores incubated in glucose

is relatively static during this phase. The spores in glucose begin to respond to the

lack of nitrogen, as indicated by the upregulation of genes that are related to the

utilisation of alternative nitrogen sources. Also, genes involved in protein synthesis

are downregulated in glucose-treated spores, reflecting the arrest of growth (Joseph-

Strauss et al. 2007).
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Fig. 3.2 The general transcriptional response during the first 7 h after germination initiation. Upon

addition of rich growth medium to dormant spores, genes associated with protein synthesis (rRNA

processing and ribosomal proteins) are rapidly upregulated. Genes associated with proteosome

subunits are expressed in spores and downregulated as germination begins. Genes encoding

proteins involved in stress and growth on non-optimal carbon sources (gluconeogenesis, TCA

cycle and oxidative phosphorylation) are also seen to be downregulated. Further, genes associated

with mating are upregulated after a few hours in germination medium, followed by cell cycle

related genes. The figure shows the average expression of genes in specific modules, and the

number of genes in each module is shown in parentheses. Y-axis is the log2 values of expression

relative to the expression in vegetative cells, X-axis is time in hours. (For further details, see

original figure text in Joseph-Strauss et al. 2007)
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3.4.5.2 Germination and the General Response of Yeast Cells to Glucose

Comparison of the gene expression programme in germination to the general

response of yeast cells to glucose has revealed many similarities. The overall

correlation in gene expression between germination, exit from stationary phase

and the response to glucose of cells grown on a non-fermentable carbon source is

relatively high (Joseph-Strauss et al. 2007; Radonjic et al. 2005; Wang et al. 2004).

However, the germination-specific transcriptional response for genes related to the

cell cycle and to DNA replication reflects the existence of specific processes that are

taking place during germination. The germinating spores utilise components of the

mitotic machinery but through a unique pattern of regulation that is germination

specific. During the mitotic cell cycle, DNA replication is coordinated with a phase

of polarised growth (Lew and Reed 1993). In spore germination, these processes are

separated and the germinating spores go through a phase of polarised growth in

the absence of DNA replication. One sub-group of cell cycle genes is induced in the

first phase of germination, concomitant with a phase of polar growth. This group of

genes is enriched in genes related to cytoskeleton organisation and polar budding.

A second sub-group is enriched in genes associated with DNA replication. These

genes are downregulated during early germination and are upregulated at a later

stage concomitant to DNA replication (Joseph-Strauss et al. 2007).

3.4.6 Conjugation Between Germinating Spores of Opposite
Mating Type

As stated above, genes involved in conjugation are upregulated during germination.

Mating between germinating spores has been shown to occur before mitotic cell

cycle initiation and budding (Taxis et al. 2005; Joseph-Strauss et al. 2007), and it is

very likely that spores in nature mate within the ascus with a sibling spore of

opposite mating type (Fig. 3.1). Intra-tetrad mating has proved advantageous

compared to germination followed by cell division, mating type switching (homo-

thallic strains) and subsequent mating of mother and daughter. This as intra-tetrad

mating rescues haploid genomes harbouring lethal mutations and preserves hetero-

zygosity that confers a fitness advantage (Taxis et al. 2005).

In a population of dividing haploid cells, exposure to mating pheromone pro-

duced by cells of the opposite mating type causes cell cycle arrest (Bardwell 2004).

A temporary arrest in the progress towards the first cell cycle is also seen in

germinating spores, but it may be prevented by the use of diploids whose spores

are unable to mate with each other (Joseph-Strauss 2006). Two different mutant

diploids were used for this purpose: (1) a diploid MATa/MATa strain carrying an

extra MATa gene inserted near LYS2, producing viable spores that are either MATa
orMATa/MATa; (2) a sir2/sir2 diploid, homozygous at the mating-type locusMAT,
producing sir2 spores that expresses mating-type information of both a and a

cassettes from theMAT, HML and HMR loci (derepressed due to the sir2mutation).
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Spore germination of these mating-defective mutants was considerably faster than

germination of spores from wild-type cells. Thus, the early expression of mating

genes during spore germination leads to a temporary G1 arrest and therefore the

germinating spore embarks on the cell cycle programme only later, after having

recovered from the mating response (Joseph-Strauss 2006).

3.4.7 Specific Proteins Required for Germination

Synthesis of new proteins begins within minutes after spores are reintroduced with

nutrients, and translation has been demonstrated to be essential for germination

initiation (Rousseau and Halvorson 1973). Addition of the translation inhibitor

cycloheximide to the germination reaction results in a complete inhibition of

germination. Consistently, mutants with temperature-sensitive translational

machinery cannot germinate when incubated in glucose-containing medium at the

non-permissive temperature (Herman and Rine 1997). Also, the Ras signalling

pathway has proved essential for germination to take place. Spores of mutants

defective in the Ras signalling pathway do not lose resistance to the cell-wall

degrading enzymes in Zymolyase when incubated in rich medium containing

glucose as wild-type spores do. Over-expression of Ras2 accelerates germination

in minimal medium containing galactose, but it does not bypass the requirement for

a carbon source to trigger germination (Herman and Rine 1997).

Interestingly, early events in germination such as spore uncoating and acquisi-

tion of Zymolyase sensitivity do not require many key regulators of cell cycle

progression. Cdc28 and Cdc37 are two proteins needed for passage through the

Start checkpoint in late G1. When temperature sensitive mutants for these proteins

were tested for their ability to germinate, neither protein proved essential for

acquisition of Zymolyase sensitivity, spore swelling or elongation. Also, other

cell cycle proteins such as Cdc4 and Cdc34 (in G1/S) and Cdc7 (in S phase) are

dispensable for these early germination events (Herman and Rine 1997).

In a global screen for mutants with germination and post-germination growth

defects, different types of mutants were identified. Mutants defective in meiosis

(likely because these mutants form inviable spores), aneuploid strains and strains

with lethal recessive mutations (the heterozygous mother is phenotypically wild

type) were among those mutants picked up by the screen. Also, potentially inter-

esting mutants defective in vesicle transport, nutrient signalling/cell-wall integrity

and carbon metabolism were identified but not further analysed (Deutschbauer et al.

2002). Two proteins involved in N-glycosylation, Rhk1 and Alg7, have been

reported to be important for germination (Deutschbauer et al. 2002; Kukuruzinska

and Lennon 1995). It is not determined whether mutants in these genes are impaired

in the early germination events (spore uncoating, swelling and elongation) or in

following rounds of mitotic divisions or both. Ubc1, an Ubiquitin-conjugating

enzyme that mediates degradation of short-lived and abnormal proteins, and

Cmk1, a calmodulin-dependent protein kinase, have also been reported to play
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a role in germination (Seufert et al. 1990; Pausch et al. 1991). Both ubc1 and cmk1
spores acquire Zymolyase sensitivity with wild-type kinetics, indicating that the

germination defects are mainly due to impaired post-germination growth (Herman

and Rine 1997).

3.4.8 Future Challenges

Most genes and pathways involved in germination are still unidentified as it has

proved rather difficult to recover mutants defective in this essential developmental

process. There are several reasons for this. The lack of high-throughput assays that

can distinguish between inviability of spores, true germination mutants and mutants

defective in post-germination growth makes screening complicated. Also, spores of

both a and amating type are formed during sporulation, and germinating spores can

mate and become diploids even before the first bud appears. This is detrimental

when screening for mutants defective in post-germination growth as mutant spores

close to a neighbouring wild-type spore can be rescued by mating, forming a

heterozygous diploid. Also, the resulting mix of cell types in the germinating

culture makes analysing of data difficult. Using a micro-manipulator to separate

spores from each other before germination is possible but both tedious and time

consuming.

Future challenges in the field of yeast germination will involve identification of

proteins and pathways important for the different stages of resumption of growth as

well as characterisation of proteomic and metabolomic changes associated with this

multi-step process.
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Chapter 4

Dormancy in Plant Seeds

Henk W.M. Hilhorst, William E. Finch-Savage, Julia Buitink,

William Bolingue and Gerhard Leubner-Metzger

Abstract Seed dormancy has been studied intensely over the past decades and, at

present, knowledge of this plant trait is at the forefront of plant biology. The main

model species is Arabidopsis thaliana, an annual weed, possessing nondeep physi-

ological dormancy. This overview presents the state-of-the-art of seed dormancy

research, focusing mainly on physiological and molecular-genetic aspects in this

species. It has become clear that, like in many other organisms, the dormancy and

stress responses are tightly associated in seeds. The plant hormones abscisic acid

and gibberellins play a pivotal role in the acquisition of developmental arrest or

repression of metabolic inactivity, respectively. Some attention is given to the

overlapping dormancy and stress responses, commonly studied in many other

organisms but only marginally in seeds.
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4.1 Introduction

Seeds are the principal propagules of the majority of higher plants. They ensure

dispersal of the species in space and time and, by their adaptation potential, make an

important contribution to the introduction and survival of species. Seed forms and

shapes are highly varied, in line with specific environmental requirements for

dispersal and establishment. Most seeds consist of an embryo, surrounded by one

or more covering layers. The covering layers usually consist of a living endosperm

of one to several cell layers and a testa, which is mostly dead tissue (Fig. 4.1a, b).

Most seeds can withstand desiccation to water contents as low as 2–3% and this

gives seeds the ability to survive for long periods under adverse conditions.

Seed germination and dormancy represent key ecological and agronomical traits

that determine plant establishment in natural or agricultural ecosystems. Seeds are

mostly shed from the mother plant in a dry state in which the seed tissues (embryo,

covering layers) are preserved at low water content. Seed germination commences

with the uptake of water by the dry seed, followed by embryo expansion growth.

Germination is completed when the radicle has protruded through the surrounding

covering layers. Seed germination depends on the interaction of the seed with the

environment, and occurs under favourable conditions with the key environmental

factors: water availability, appropriate temperature and in some cases light.

Germination timing is a plant trait with the highest selection pressure by the

environment and has, during seed evolution, led to a connected second key trait:

seed dormancy. This can be defined as the (temporary) incapacity of a viable

imbibed seed to germinate under favourable conditions. Primary dormancy (PD)

a b

Fig. 4.1 Seed structures, sizes and phylogenetic relationships of model and crop species. (a)

Generalised structure of an angiosperm (eudicot) seed with EMBRYO and ENDOSPERM as the

two important seed components. The direction of embryo growth (arrow ‘Growth potential’) that

results in germination (rupture of the endosperm) and repressive function of endosperm (block
‘restrain’) are shown. (b) Phylogenetic relationship and seed size comparison for Arabidopsis,
Lepidium, Medicago, and tomato. The four species represent important model and crop plants.

Figure reproduced with permission from The Seed Biology Place (http://www.seedbiology.de)
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refers to the type of dormancy that occurs prior to dispersal as part of the seed

developmental program, whereas secondary dormancy (SD) refers to the acquisi-

tion of dormancy in a mature seed after imbibition as a result of the lack of proper

conditions for germination (Amen 1968).

Dormancy may be located in the embryo or imposed by the tissues that surround

the embryo. In a number of species, both the embryo and the tissues enclosing it

impose dormancy. The completion of germination (radicle protrusion) is the net

result of the opposing forces: the “thrust” of the embryo and the restraints by the

surrounding tissues. In the case of embryo dormancy, the properties of the embryo

are of principal importance. In coat-imposed dormancy, the properties of the

covering tissues are the determinants, including mechanical, chemical and perme-

ability features, all of which may interfere with the successful completion of

germination. For example, many seeds possess a seed coat that poses a mechanical

restraint to embryonic growth and that may also contain chemical inhibitors, such

as phenolic compounds, that prevent embryo growth (mechanical and chemical

dormancy). Endosperm tissue may restrict embryo growth until the thick endo-

sperm cell walls are degraded by hydrolytic enzymes that can be induced by factors

(e.g. plant hormones) derived from the embryo (physiological/mechanical dor-

mancy). Both embryo and coat-imposed dormancy are common and there does

not seem to be a preference for a specific category or type of dormancy among plant

families or genera (Baskin and Baskin 1998). Among the several different types and

classes of dormancy, the study of physiological dormancy has received most

attention. This class of dormancy is caused by metabolic blocks in the seed and is

essentially reversible. This enables the seed (in the soil) to go through several

successive cycles of dormancy break and induction until the conditions for germi-

nation and seedling establishment are optimal (Hilhorst 2007). Here, we will give

an update on the progress in dormancy research of physiological dormancy and

mainly in Arabidopsis thaliana. For a full account of the other dormancy types, the

reader is referred to several excellent reviews (Baskin and Baskin 1998, 2004).

4.1.1 Embryo–Endosperm Interaction as a Mechanistic Model
for Germination

The mature seeds of most angiosperm species are endospermic, that is have retained

a more or less abundant endosperm layer (Finch-Savage and Leubner-Metzger 2006;

Holdsworth et al. 2008a). In typical seeds, the embryo is surrounded by two covering

layers (‘coats’, Fig. 4.1): the endosperm (living cells in most species) and the testa

(seed coat, dead cells). On the mechanistic level, successful seed germination/

breaking of dormancy depends simply on the net sum between two opposing forces:

l The embryo growth potential (mainly associated with the radicle) must increase

to allow radicle extension growth and protrusion of the covering layers

(EMBRYO ¼ promotive).
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l The restraint of the covering layers (testa, endosperm) must be weakened and

weakening of the micropylar endosperm cap covering the radicle is of utmost

importance (endosperm cap weakening, ENDOSPERM ¼ repressive).

Radicle extension growth, ‘coat’ dormancy release and endosperm cap weak-

ening are the key processes of seed germination and dormancy break in most

species and share known molecular mechanisms of which several are evolutionary

conserved.

4.2 Seed Dormancy Research: An Update

4.2.1 Global Analysis

There have been several recent reviews reporting advances in our understanding of

dormancy and the control of germination in seeds resulting from large-scale gene

expression profiling at both RNA and protein levels (Finch-Savage and Leubner-

Metzger 2006; Bradford and Nonogaki 2007; Holdsworth et al. 2008a, b; Catusse

et al. 2008a, b; Finkelstein et al. 2008). It is clear from work on both transcriptome

(Ogawa et al. 2003; Nakabayashi et al. 2005; Cao et al. 2006; Cadman et al. 2006;

Finch-Savage et al. 2007; Carrera et al. 2007, 2008) and proteome (Gallardo et al.

2001; Rajjou et al. 2004; Job et al. 2005; Chibani et al. 2006; Oracz et al. 2007) that

there are extensive changes in genome expression involved in the control of cycling

through different levels of dormancy and the final transition to the completion of

germination. Holdsworth et al. (2008b) conclude from this work that RNA transla-

tion and post-translation are the major levels of control for germination completion

and that transcriptome changes reflect more the alteration in dormancy status,

enhancement of germination potential and effects on post-germination functions

related to seedling growth. However, Nakabayashi et al. (2005) have shown that

more than half (>12,000) of all genes in Arabidopsis have transcripts present in dry
mature seeds. Holdsworth et al. (2008b), therefore, also suggest that changes in the

transcriptome following seed imbibition indicate a dynamic relationship between

these RNAs ‘stored’ from late seed development and synthesis of new RNAs

related to post-imbibition germinating or dormant seed states. A further dynamic

is now also thought to exist through changes in the ‘dry state’, apparently resulting

from transcription and protein metabolism, which are manifested as altered dor-

mancy status upon imbibition. These various levels of control are temporally

coordinated from seed maturation through dormancy to germination and this

provides the flexibility that is required for seeds to respond to the variable environ-

ment that surrounds them (Finch-Savage and Leubner-Metzger 2006; Fig. 4.2).

In this way, seeds continually change their dormancy status to optimise the timing

of germination completion in tune with seasonal cycles to maximise subsequent

plant survival and reproduction.
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4.2.1.1 Similarities and Differences between Physiological States

The analysis of global expression patterns has provided a new opportunity to

address some old questions such as: whether seeds imbibed in the dormant state

are fundamentally different from those in a non-dormant state; and whether differ-

ent dormant states such as primary dormancy (PD) and secondary dormancy (SD)

are similar. It is clear that specific sets of transcripts have higher abundance in seeds

that will complete germination, when compared to seeds that will remain dormant

and vice versa (Cadman et al. 2006; Carrera et al. 2007, 2008). From this, charac-

teristic sets of gene transcripts have been assigned to dormant states (D-set) and

fully after-ripened states (AR-set). However, principal component analysis has

Fig. 4.2 Model for the regulation of dormancy and germination by ABA and GA in response to the

environment. According to this model ambient environmental factors (e.g. temperature) affect the

ABA/GA balance and the sensitivity to these hormones. ABA synthesis and signalling (GA

catabolism) dominates the dormant state, whereas GA synthesis and signalling (ABA catabolism)

dominates the transition to germination. The complex interplay between hormone synthesis,

degradation and sensitivities in response to ambient environmental conditions can result in

dormancy cycling. Change in the depth of dormancy alters the requirements for germination

(sensitivity to the germination environment); when these overlap with changing ambient condi-

tions, germination will proceed to completion. Model based on work with A. thaliana ecotype Cvi,
modified from Cadman et al. (2006). Key target genes are in parenthesis. Figure reproduced from

Finch-Savage and Leubner-Metzger (2006) with permission from Elsevier Ltd
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shown that primary dormant seeds that have had relatively short periods of imbibi-

tion (24 and 48 h) group separately from seeds that have been imbibed for longer

and have entered a ‘maintained’ primary or secondary dormant state (Cadman et al.

2006). Thus, on the basis of transcript abundance there is little difference between

these maintained states during dormancy cycling. However, it is likely that newly

imbibed primary dormant seeds are dominated by transcripts remaining from seed

development (stored) and thus differ from maintained states. Most published work

on dormancy has centred on the former and this may have produced some mis-

conceptions about the dormant state.

In complementary work, transcriptomes were compared from Arabidopsis seeds
of the deeply dormant Cvi accession, exposed to different dormancy releasing

factors (after-ripening, cold, nitrate, light; Finch-Savage et al. 2007). To complete

germination, these seeds require more than one of these factors and thus exposure to

only one factor or an incorrect combination of factors will result in different depths

of dormancy. Principal component analyses of the expression patterns observed

grouped physiological states in a way that related to this depth of seed dormancy,

rather than the type of environmental exposure (Finch-Savage et al. 2007). This

suggests similarity in the response to different environments. Furthermore, opposite

changes in transcript abundance of genes in D- and AR-sets were also related to the

depth of dormancy and common to different environments. Thus, transcription of

these gene sets responds in a quantitative way to specific environmental signals

when they are presented to the seeds in the order appropriate to relieve dormancy

and facilitate the completion of germination in seasonal conditions that are suitable

to sustain subsequent growth.

In addition to these common quantitative changes, environment-specific gene

expression patterns during dormancy relief were also found. For example, higher

transcript abundance for genes linked to the process of nitrate accumulation and

reduction was associated with dormancy relief. Further patterns were consistent

with a role for the balance of the plant hormones abscisic acid (ABA) and gibber-

ellins (GAs) in integrating dormancy-relieving environmental signals, which is

discussed further below.

4.2.1.2 Genes Associated with Different States

Work at the level of gene expression has confirmed that dormancy is an active state,

with complex regulatory networks continuously integrating environmental signals

and responding to them by positive maintenance of dormancy through de novo

ABA synthesis and/or negative regulation of germination (Fig. 4.1; Cadman et al.

2006; Carrera et al. 2007, 2008; Finch-Savage et al. 2007). Cadman et al. (2006)

show that changes in dormancy status are consistent with differential expression of

large numbers of transcription factors present in the D- and AR-sets, along with

genes encoding histones, which are suggestive of a complete switch in gene

expression, resulting from a change in chromatin structure. Genes in the D-set are

associated with embryo maturation including storage proteins, heat shock proteins
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and dehydrins etc. It was also found that ABA-, stress- and dormancy responses

significantly overlap at the transcriptome level (Cadman et al. 2006; Finch-Savage

et al. 2007). Many of the genes more highly expressed in the dormant states

appeared to be related to stress. This may be linked to the synthesis of ABA,

which appears essential to the maintenance of dormancy. Under prolonged condi-

tions that are non-permissive to germination, there is an increase of ABA content

(Ali-Rachedi et al. 2004). These conditions will, therefore, always lead to co-

expression of dormant- and stress-related genes that are controlled by ABA.

There is an evolutionary advantage in this co-expression, since dormancy is a

mechanism to survive prolonged periods of environmental stress that are unfavour-

able for growth. In contrast, many genes of the AR-set are associated with the

establishment of translation machinery, the potential for cell-wall remodelling and

reserve mobilisation in advance of germination completion. The genes represented

in this set appear also to, at least partly, anticipate the next likely stage of develop-

ment, that is radicle extension and subsequent seedling growth.

Results from Rajjou et al. (2004) have shown that chemical inhibition of

transcription in non-dormant Arabidopsis seeds did not affect the eventual comple-

tion of germination, but inhibited further growth of the seedling after radicle

protrusion. In contrast, translation inhibitors effectively blocked the completion

of germination. This suggests that the transcripts for the completion of germination

of non-dormant seeds are pre-formed during their development (stored transcripts),

and then translated to enable progress of germination all the way to completion.

Thus, transcription is not essential for the completion of germination in these

previously unimbibed non-dormant seeds. However, the work of Cadman et al.

(2006) shows that dormancy is characterised by an absence of transcripts related to

establishing translational machinery, whereas dormancy release is accompanied by

transcription of genes associated with the completion of germination (AR-set)

including those encoding for proteins involved in translation machinery. They,

therefore, hypothesise that an important molecular event in release from the main-

tained dormant state, when stored transcripts may no longer be available, is estab-

lishing the capacity for the translational control of germination completion.

4.2.1.3 The Hormone Balance and Regulation of Dormancy

A dynamic balance of hormone synthesis and catabolism operates that establishes a

controlling balance of ABA–GA ratio (Ali-Rachedi et al. 2004; Cadman et al.

2006). This intrinsic balance directs signalling pathways that regulate dormancy

level by altering the seed’s sensitivity to the ambient germination environment

(Fig. 4.2). While the release of primary dormancy in Cvi seeds occurs effectively by

after-ripening, stratification or inhibition of ABA biosynthesis, the addition of GA

appears less effective and can cause a transient increase in ABA levels (Ali-Rachedi

et al. 2004; Finch-Savage et al. 2007). This suggests that in dormant seeds a

feedback mechanism exists that maintains a high ABA–GA ratio. However, dor-

mancy release also involves a net shift to increased GA biosynthesis and ABA
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degradation resulting in a low ABA–GA ratio (Ali-Rachedi et al. 2004; Cadman

et al. 2006).

D-set genes had an over-representation of ABA-responsive elements (ABRE) in

their promoters, and of genes for transcription factors that bind to the ABRE

(Cadman et al. 2006). Such an over-representation of ABRE-containing genes is

also evident in stored mRNAs of dry A. thaliana seeds (Nakabayashi et al. 2005).

ABRE-binding transcription factors appear to be master regulators that mediate

ABA responses in seeds including the regulation of dormancy. On the other hand,

during imbibition of non-dormant seeds, there are many GA-responsive genes

induced, but GA also causes down-regulation of many ABRE-containing genes

(Yamaguchi and Kamiya 2002; Ogawa et al. 2003; Yamauchi et al. 2004).

4.2.1.4 Exposure to Dormancy Releasing Environmental Factors

The timing, extent and pattern of seed germination and subsequent seedling emer-

gence within a seed population are determined by a complex interaction of ambient

weather conditions, soil, and seed characteristics (Finch-Savage and Leubner-

Metzger 2006). The key weather/soil factors for germination and dormancy are:

l Water availability
l Temperature
l Light
l Abiotic stresses

In crops, the rate and extent of seed germination is key to successful seedling

establishment, which in turn is the cornerstone of sustainable and profitable crop

production. Transitions from the primary dormant to the non-dormant state and

from the non-dormant state to germination or the secondary dormant state depend

on the ambient environment, which determines both rate and extent of the response.

This interactive process can be very complex, but population-based threshold

models provide a universal approach to quantifying the array of ecophysiological

responses exhibited by seeds (Finch-Savage and Leubner-Metzger 2006). The

models use biological time in which the process of germination progresses to

completion at different rates according to the ambient conditions. The quantitative

effects of temperature (thermal time), water availability (hydrotime), and the

combination of both (hydrothermal time), as well as seed after-ripening, dormancy

or any abiotic stress can be described by these models. They can be used to simulate

and predict the impact of environment on seed germination in field soils.

In fully AR seeds that require only light to germinate and those exposed to light,

the transcript expression of AtGA3ox2 increases dramatically (Yamaguchi et al.

1998; Cadman et al. 2006; Finch-Savage et al. 2007) presumably facilitating the

final step of the biosynthesis of biologically active GA. Cold release of dormancy is

also mediated, at least in part, by promoting GA biosynthesis via enhanced expres-

sion of AtGA3ox (Yamaguchi and Kamiya 2002; Oh et al. 2004; Yamauchi et al.

2004; Liu et al. 2005a, b; Penfield et al. 2005) and by promoting ABA catabolism
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via activity of the flowering gene FLC (FLOWERING LOCUS C; Chiang et al.

2009).

Dormancy can also be released by AR at rates that are determined by moisture

and oil content, seed-covering structures and temperature (e.g. Manz et al. 2005).

Bove et al. (2005) provide evidence that Nicotiana seed AR generates a develop-

mental switch at the transcript level that is evident upon imbibition and this is

supported by work with Arabidopsis Cvi (Cadman et al. 2006). In part, this may

result from gene expression in air-dry seeds during after-ripening (Bove et al. 2005;

Leubner-Metzger 2005). Carrera et al. (2008) studied changes in gene expression in

imbibed non-dormant mutants (aba1 and abi1) and compared them to wild-type

seeds with and without AR. This indicated that AR acts as a developmental pathway

that can be separated from dormancy of the imbibed seed. This work also showed

that exogenous application of ABA did not re-impose the gene expression of seeds

that had not been after-ripened, and that seeds of the non-dormant mutants demon-

strated changes in genome expression during dry storage that were characteristic of

AR. This provided a clear demonstration that ABA is not a major regulator of AR in

dry seed (Holdsworth et al. 2008a).

It is also clear that exogenous application of ABA to seeds does not result in seed

phenotypes that mimic dormancy at the proteome (Chibani et al. 2006) or tran-

scriptome levels (Carrera et al. 2008). Despite this, in the studies so far carried out

where samples are comparable there is little correlation between observations at the

transcriptome and proteome levels, for example following imbibition of AR seeds

(Cadman et al. 2006 and Chibani et al. 2006 respectively). To date the reason for

this is open to speculation and more work is required. However, a proteome study of

dormancy relief by AR in sunflower by Oracz et al. (2007) has highlighted the

potential importance of reactive oxygen species (ROS) in this process. From this

work, they raise the hypothesis that dormancy release involves a change in prote-

ome oxidation, resulting from the accumulation of ROS during AR. ROS accumu-

lation, therefore, appears to be a key signal governing cell activity during AR

(Oracz et al. 2007). They suggest that this mechanism may also have relevance

for dormancy breaking in the imbibed state.

4.2.1.5 Different Seed Tissues and Sensitivities

Global expression analyses are consistent with the induction and maintenance of

the dormant state being characterised by increased ABA biosynthesis and GA

degradation and the reverse during dormancy release. In seeds of different species

these changes in the two hormones may occur at the same time or at different times

and at different sites within the seed. However, the emerging picture is incomplete

without considering the influence of the seed coat and the antagonism of different

tissues (embryo, endosperm) within the seed and hormone sensitivities. The sensi-

tivities for GA and ABA, their perception by receptors, their interconnected

signalling chains, and their developmental regulation are of utmost importance

for germination and dormancy (Kucera et al. 2005). Thus, dormancy loss in many
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seeds is also characterised by a decrease in ABA sensitivity and an increase in GA

sensitivity (e.g. Le Page-Degivry et al. 1996; Corbineau et al. 2002; Koornneef

et al. 2002; Leubner-Metzger 2002; Ali-Rachedi et al. 2004; Chiwocha et al. 2005).

In endospermic seeds, the endosperm acts as a mechanical barrier to germination

and is, therefore, intimately involved in dormancy mechanisms (Kucera et al. 2005;

Finch-Savage and Leubner-Metzger 2006). Again the emergence of the radicle

through the endosperm is regulated via the ratio of ABA–GA, which controls

weakening of the micropylar endosperm in many species (reviewed by Finch-

Savage and Leubner-Metzger 2006). Recent evidence suggests that the endosperm

may be the primary determinant of seed dormancy in Arabidopsis (Bethke et al.

2007). It is anticipated that future genome wide expression studies will have

emphasis on the separate analysis of seed tissues (Holdsworth et al. 2008b). Indeed,

differential global gene expression patterns have already been demonstrated

between different seed tissues of Arabidopsis at the level of the transcriptome

(Penfield et al. 2006), and of sugar beet at the proteome level (Catusse et al.

2008a, b).

4.2.2 Specific Analyses: Key Genes and Processes Related
to the Hormonal Regulation of Dormancy,
After-Ripening and Germination

The previous sections provide a global overview and introduced the general

concept of the antagonistic hormonal interactions like GA–ABA and the impor-

tance of the seed tissues for dormancy, after-ripening and germination. The follow-

ing parts present specific examples for key genes and processes in seeds that are

exemplary. They are of course not exclusive, and other important case studies are

summarised in several recent reviews (Kucera et al. 2005; Finch-Savage and

Leubner-Metzger 2006; Bentsink and Koornneef 2008; Finkelstein et al. 2008;

Holdsworth et al. 2008a).

4.2.2.1 ABA: A Positive Regulator of Dormancy Induction and

Maintenance, and a Negative Regulator of Germination

In many plant species, endogenous ABA is involved in the induction and perhaps in

the maintenance of the dormant state (reviews: Hilhorst 1995; Kucera et al. 2005;

Holdsworth et al. 2008a). Mutants with reduced seed ABA biosynthesis exhibit

reduced dormancy. Over-expression of genes for ABA biosynthesis can increase

seed ABA content and enhance seed dormancy or delay germination (e.g. Grappin

et al. 2000; Nambara and Marion-Poll 2003). Enhanced dormancy is also evident in

Arabidopsis cyp707a2 mutants with increased ABA content due to a block of seed

ABA catabolism (ABA 80 hydroxylase, Kushiro et al. 2004; M€uller et al. 2006).
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Several of the Arabidopsis ABA-insensitive (abi) response mutants, abi1 to abi5
and abi8, exhibit, like the ABA-deficient mutants, a marked reduction in seed

dormancy (Kucera et al. 2005; Finkelstein et al. 2008; Holdsworth et al. 2008a).

The seed responses of strong alleles of the Arabidopsis ABI3 gene are severe

compared to the abi1, abi2 and the ABA-deficient mutant alleles. ABI3 may play

a major role in seed and bud dormancy (Rohde et al. 2000; Bassel et al. 2006). The

ABA-insensitive viviparous1 (vp1) mutant of maize is characterised by severe seed

responses, including reduced sensitivity of germination to exogenous ABA and

vivipary. The Arabidopsis ABI3 and the maize VP1 are orthologous genes that

encode transcription factors of the B3 domain class that are essential for ABA

action. VP1/ABI3-like proteins are multifunctional transcription factors that inte-

grate ABA and other regulatory signals of seed maturation and developmental

arrest. Post-translational targeting of ABI3 for protein degradation and perhaps

also farnesylation of ABI3 are mechanisms to regulate ABI3-mediated ABA

signalling (Finkelstein et al. 2008). The interaction of ABI3 with other factors in

the network that establishes seed dormancy during seed maturation is summarised

by Holdsworth et al. (2008a).

ABA is not only a positive regulator of dormancy induction; it also inhibits seed

germination and has been proposed to be a positive regulator of dormancy mainte-

nance. ABA inhibits embryo growth potential and endosperm cap weakening

during coffee seed germination (da Silva et al. 2004). A transient rise in ABA

content in the embryo was evident early during imbibition. ABA treatment inhibits

and fluridone treatment accelerates radicle protrusion of coffee seeds. Vegetation-

derived ABA is also of ecological importance in the regulation of seed dormancy

and germination. ABA leached from plant litter plays an important role in the

germination control of the post-fire annual Nicotiana attenuata (Krock et al. 2002;

Schwachtje and Baldwin 2004).

Rupture of the testa and the endosperm are distinct and temporally separate

events during the germination of many species; such two-step germination with

testa rupture subsequently followed by endosperm rupture, is known for Nicotiana

spp. (Solanaceae, e.g. Leubner-Metzger 2003), Lepidium sativum (cress) and

A. thaliana (Liu et al. 2005a, b; M€uller et al. 2006; Piskurewicz et al. 2008).

Addition of ABA to the medium during imbibition resembles the effects of mater-

nal ABA during seed development and residual ABA in mature seeds. In after-

ripened seeds, this does not appreciably affect the kinetics of testa rupture, but it

delays endosperm rupture and results in the formation of a novel structure, consist-

ing of the enlarged radicle with a sheath of greatly elongated endosperm tissue

(Leubner-Metzger and Meins 2000; Leubner-Metzger 2003).

4.2.2.2 Gibberellins Release Coat Dormancy, Promote Germination

and Counteract ABA Effects

According to the revised hormone-balance hypothesis for seed dormancy proposed

by Karssen and Laçka (1986), ABA and GA act at different times and sites during
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the ‘seed life’. ABA induces dormancy during maturation, and GAs play a key role

in dormancy release and in the promotion of germination. GA biosynthesis in

developing seeds of many species leads to the accumulation and storage of either

bioinactive GA precursors or bioactive GA (Yamaguchi and Kamiya 2002; Kucera

et al. 2005). GA biosynthesis in developing seeds appears not to be involved in the

establishment of primary dormancy per se, but in other aspects of seed develop-

ment, including fertilisation, embryo growth, assimilate uptake, fruit growth, and

the prevention of seed abortion.

The temporal and spatial expression pattern of GA biosynthesis genes has been

investigated during Arabidopsis seed germination (Yamaguchi et al. 2001; Ogawa

et al. 2003; Yamauchi et al. 2004). Bioactive GAs accumulate just prior to radicle

protrusion and appear to occur in two separate locations within the embryo: (1) the

early biosynthetic pathway, including the geranylgeranyl diphosphate cyclisation

reaction catalysed by ent-copalyl diphosphate synthetase (CPS), in the provascular

tissue where AtCPS1 gene promoter activity is localised, and (2) the late biosyn-

thetic pathway, including the formation of bioactive GA by GA 3-oxidase, in the

cortex and endodermis of the root where AtGA3ox1 and AtGA3ox2 transcripts

accumulate and AtGA3ox2 gene promoter activity is localised. This implies that

intercellular transport of an intermediate of the GA biosynthetic pathway (probably

ent-kaurene) is required to produce bioactive GA. Two functions for GA during

seed germination have been proposed (reviews: Hilhorst 1995; Bewley 1997a, b;

Kucera et al. 2005; Finch-Savage and Leubner-Metzger 2006). First, GA increases

the growth potential of the embryo. Second, GA is necessary to overcome the

mechanical restraint conferred by the seed-covering layers by weakening of

the tissues surrounding the radicle. The localisation of seed GA biosynthesis in

the Arabidopsis radicle (Yamaguchi et al. 2001) is consistent with the hypothesis

that embryonic GA is released and triggers the weakening of seed-covering layers.

This is further supported by the finding that at least some GA responsive genes are

expressed in non-GA-producing seed tissues (Ogawa et al. 2003). Environmental

cues like light and temperature can alter the tissue-specific localisation of GA

biosynthesis (Yamauchi et al. 2004). The temporal and spatial pattern of GA

biosynthesis and sensitivity are both important for the GA-mediated seed responses.

Seed germination of GA-deficient biosynthesis mutants of Arabidopsis (e.g. ga1)
and tomato (e.g. gib-1) absolutely depends on the addition of GA to the medium

during imbibition (Hilhorst 1995; Kucera et al. 2005). The mechanisms imposing a

GA requirement to promote the germination of dormant and non-dormant Arabi-
dopsis seeds have been analysed using the GA-deficient mutant ga1 and the ABA-

deficient mutant aba1, and is described in Sect. 2.2.5.

Among the GA-response mutants of Arabidopsis, some of the GA-insensitive

DELLA repressor mutants, including gai (GA-insensitive), rga (repressor-of-ga1-3),
rgl1 (rga-like1), rgl2 and rgl3, have been investigated in detail (e.g. Richards

et al. 2001; Kucera et al. 2005; Achard et al. 2008; Piskurewicz et al. 2008).

GA signalling causes proteasome-mediated degradation of these repressor pro-

teins which is the mechanism by which many GA responses are mediated. The

gain-of-function mutants in these DELLA repressor mutants are characterised
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by dominant GA-insensitive repression of GA responses leading to a dwarf

phenotype, increased GA content and complex seed effects that are consistent

with a severely decreased GA-sensitivity of dormancy release and germination.

It has been proposed that RGL1 plays a greater role in seed germination than do

GAI and RGA (Wen and Chang 2002), but RGL2 has been proposed to be the

most important regulator of Arabidopsis seed germination in response to GA

(Lee et al. 2002; Tyler et al. 2004; Cao et al. 2005). However, two detailed

studies demonstrate that the involvement of DELLA repressor degradation in

seed germination is complex: A careful time-course analysis of Arabidopsis
seed germination showed that the RGL2 mRNA decline occurred after radicle

emergence, that is after germination had been completed (Bassel et al. 2004).

The work of Piskurewicz et al. (2008) shows by a combination of time course

analyses of testa rupture and endosperm rupture, transcript and protein analyses, that

RGL2 inhibits Arabidopsis seed germination by stimulating ABA synthesis and

ABI5 activity. These results support the notion that ABI5 acts as the final common

repressor of germination in response to changes in ABA and GA levels.

4.2.2.3 Identification of Dormancy-Specific Genes and Other Key Genes

that Control Germination Timing

While a major role for ABA in the establishment and maintenance of seed dor-

mancy is evident, hardly anything is known about its downstream targets and the

molecular mechanisms of the induction of dormancy and the release by temperature

and after-ripening. Due to the overall importance of ABA in plant development, the

ABA-related mutants exhibit pleiotropic phenotypes and are, therefore, not seed- or

dormancy-specific. ABA-independent pathways and genes specific for seed dor-

mancy are evident from the Arabidopsis rdo (reduced dormancy) and dog (delay of
germination) mutants (Bentsink and Koornneef 2008; Holdsworth et al. 2008a).

Besides a mild pleiotropic phenotype, the rdo mutants are ABA-independent, have

a strong effect on dormancy, and rdo2 and rdo4 mutant seeds are thermoinhibition

resistant (Peeters et al. 2002; Tamura et al. 2006). The RDO4 (REDUCED DOR-
MANCY4) ¼ HUB1 (HISTONE MONOUBIQUITINATION1) gene encodes a

RING finger protein necessary for monoubiquitination of histone H2B (Liu et al.

2007). The importance of the peroxisome has been highlighted by the observation

that the ABC transporter COMATOSE (CTS) controls germination (Carrera et al.

2007; Holdsworth et al. 2008a).

A very promising and successful approach to find specific genes involved in

Arabidopsis seed dormancy is based on natural genetic variation, as it exists

between the ecotype Ler (low dormancy) and the deeply dormant ecotype Cvi

(Alonso-Blanco et al. 2003; Koornneef et al. 2004; Bentsink et al. 2006). The

substantial influence of environmental effects on the expression of germination

characteristics and the involvement of many genes make dormancy a typical

quantitative trait. Such traits are becoming more amenable to genetic analysis,

because the position of individual quantitative trait loci (QTL) and the relative
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contribution of these loci can now be determined. QTL analysis for seed dormancy

requires permanent mapping populations, such as recombinant inbred lines (RILs),

because these allow the testing of a large number of genetically identical seeds, that

is seeds from the same RIL, in different environmental conditions. Seven dormancy

QTLs, DOG1 to DOG7, have been identified by Alonso-Blanco et al. (2003) and

several more by Laserna et al. (2008). Cvi alleles at six loci (DOG1, DOG3–DOG7)
increased dormancy, while Cvi alleles at DOG2 decreased dormancy, compared to

Ler alleles. The cloning of such a dormancy QTL has yet been published only for

the case ofDOG1 (Bentsink et al. 2006). A. thaliana DOG1, for which the Cvi allele
increases the level of seed dormancy, explains 12% of the variance observed in seed

dormancy. The dog1 mutant lacks dormancy, but it does not show any obvious

pleiotropic effects and is, therefore, a dormancy-specific mutant. The positional

cloning of this major seed dormancy QTL DOG1 has been reported by Bentsink

et al. (2006). With the isolation of DOG1, the first seed dormancy gene accounting

for genetic variation in natural populations has been identified at the molecular

level. The DOG1 gene encodes a novel protein of unknown mode of action, but it is

absolutely required for Arabidopsis seed dormancy. DOG1 transcripts are

expressed during seed development, are present in dry fresh (dormant; higher

DOG1 mRNA content) and dry after-ripened (non-dormant; lower DOG1 mRNA

content) seeds, and disappear upon imbibition of fresh and after-ripened seeds.

A recent transcriptome analysis with Arabidopsis Cvi seeds demonstrated that

DOG1 transcript expression is regulated in a complex manner during dormancy

induction and release (Finch-Savage et al. 2007).DOG1 is not specifically involved
in ABA signal transduction; the dog1 mutant has a normal sensitivity to applied

ABA. DOG1 function is, however, clearly related to ABA, it might affect dry seed

ABA levels (Bentsink et al. 2006). The DOG1 Cvi allele is induced by the ABA-

mediated sugar signalling pathway, and enhances sugar sensitivity by stimulating

ABI4 expression (Teng et al. 2008).

4.2.2.4 Control of Germination by the Seed Coat: Testa Mutant Studies

Embryo and coat (testa and/or endosperm) dormancy are the components of

physiological dormancy, their sum and interaction determine the degree of

‘whole-seed’ dormancy (Kucera et al. 2005; Finch-Savage and Leubner-Metzger

2006; Bentsink and Koornneef 2008; Holdsworth et al. 2008a). Embryo dormancy

is characterised by an intrinsic block within the embryo itself that inhibits extension

growth, and therefore excised embryos do not grow. Coat dormancy is charac-

terised by a block to germination that is conferred to the seed by the covering layers

(‘coats’). ‘Coat’ is used in a loose sense and can be any embryo-covering structure,

for example testa and/or endosperm. Based on this definition, the physiological

seed dormancy of A. thaliana is due to coat dormancy: testa (Debeaujon and

Koornneef 2000) and endosperm (Bethke et al. 2007) confer a (mechanical, chemi-

cal, etc.) resistance, which in the dormant state prevents embryo growth. In

physiologically dormant seeds the embryo-covering layers can confer mechanical
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constraint (coat dormancy) that must be overcome by the growth potential of the

embryo (Finch-Savage and Leubner-Metzger 2006; Bentsink and Koornneef 2008).

For dead seed covering layers, for example the testa, pre-determined breaking

points may facilitate tissue rips prior to germination. Enzymes that facilitate testa

rupture might be released by the endosperm and/or the radicle. The testa is a

maternal tissue and the reduced seed dormancy phenotype is inherited maternally.

A series of A. thaliana testa mutants show reduced dormancy that is caused by

alterations of the testa characteristics (Debeaujon and Koornneef 2000; Koornneef

et al. 2002; Rajjou et al. 2004) and highlight the importance of the testa structure as

a constraint to radicle emergence. The GA requirement for A. thaliana seed

germination is determined by testa characteristics, embryonic growth potential

and by embryonic ABA.

4.2.2.5 Control of Germination by the Endosperm: Endosperm Dormancy

and Endosperm Weakening

Endosperm dormancy requires that the restraint of the embryo-covering layers must

be overcome by the growth potential of the embryo (Finch-Savage and Leubner-

Metzger 2006; Holdsworth et al. 2008a). Since the endosperm in many species is a

living tissue, seed-covering weakening occurs prior to germination and the tissue

itself can produce enzymes for this process. The work of Bethke et al. (2007)

demonstrates the importance of the endosperm for Arabidopsis seed dormancy:

when the testas of dormant seeds were removed, the endosperm prevented the

germination upon imbibition. Treatments, known to release Arabidopsis seed dor-

mancy, induced endosperm rupture and radicle emergence of these ‘testa-less’

seeds. Excised Arabidopsis embryos, even from seeds of the deeply dormant

accessions Cvi and C24 (Bethke et al. 2007) or from GA-deficient or-insensitive

mutants (e.g. Iuchi et al. 2007), have coat-dormancy; their excised embryos grow

and exhibit at least the initial extension growth required for germination. Thus,

based on current knowledge, the testa and the endosperm are both major determi-

nants conferring coat dormancy to Arabidopsis seeds; the excised embryos grow,

but may exhibit reduced growth potential. The contributions of the different tissues

to the degree of the ‘whole-seed’ dormancy are a matter of controversial debate. The

small size of Arabidopsis seeds is a disadvantage for directly quantifying these

tissue-specific processes in order to calculate the degree of the ‘whole-seed’ dor-

mancy. It is not precisely known if ‘dormancy genes’ affect only the embryo, only

the endosperm, only the testa, or any combination of the three seed components.

The endosperm acts as a mechanical barrier to the germination of seeds in

several angiosperm clades (Finch-Savage and Leubner-Metzger 2006). A decline

in this mechanical resistance of the micropylar endosperm (the endosperm layer

covering the radicle tip) appears to be a prerequisite for radicle protrusion during

seed germination. This endosperm weakening can be promoted by GA and, at least

in part, inhibited by ABA. Solanaceae species like tomato, tobacco, pepper and

Datura have become model species for endosperm weakening.
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Direct biomechanical measurement of endosperm weakening by puncture-force

experiments with coffee and tomato seeds, have shown that endosperm weakening

is biphasic with regard to the ABA inhibition (Finch-Savage and Leubner-Metzger

2006). The first phase is ABA-insensitive and this is followed by the second phase

that is inhibited by ABA (Toorop et al. 2000; da Silva et al. 2004). In coffee seeds

ABA controls germination by inhibiting both the embryo growth potential and the

second step of endosperm weakening (da Silva et al. 2004). Coffee (Rubiaceae) and

tomato (Solanaceae) belong to the Asterid clade of angiosperms. Endosperm

weakening appears to be a widespread phenomenon and has also been demonstrated

for the Rosid clade of angiosperms: in Brassicaceae seeds the endosperm is also

a constraint to germination (M€uller et al. 2006). In this work, seeds of both

A. thaliana and its much larger-seeded relative L. sativum (garden cress) were

studied. Both species belong to the subclade I of the Brassicaceae and are highly

similar in seed structure and physiology. Testa rupture and endosperm rupture are

separate events and only the latter is inhibited by ABA in after-ripened seeds of

both species. Direct biomechanical measurement of the puncture force required to

rupture the endosperm showed that the L. sativummicropylar endosperm weakened

prior to radicle emergence (M€uller et al. 2006). ABA delayed the onset and

inhibited the rate of endosperm weakening in a dose-dependent manner. An early

embryo signal which was required to induce endosperm weakening could be

replaced by GA, and that weakening was found to be regulated by the GA–ABA

ratio. These results suggest that the control of radicle protrusion in L. sativum and

probably also A. thaliana seeds is mediated, at least in part, by endosperm weaken-

ing. In contrast to coffee and tomato, a ‘one-phase’ ABA-inhibited endosperm

weakening is evident in Lepidium seeds (M€uller et al. 2006). Based on the ‘com-

parative seed biology’ approach with Lepidium and Arabidopsis, one can speculate

that during evolution the endospermic Brassicaceae seeds have retained ABA-

inhibitable and evolutionary conserved molecular mechanism(s) found in both

clades, whereas the ABA-insensitive phase of endosperm weakening was lost.

Ikuma and Thimann (1963) in their ‘hatching hypothesis’ of seed biology

suggested that ‘... the final step in the germination control process is the production

of an enzyme whose action enables the tip of the radicle to penetrate through the

coat’. In searching for this ‘hatching enzyme’, evidence has been uncovered for the

contribution of various cell-wall modifying proteins, including endo-b-1,4-manna-

nases and endo-b-1,3-glucanases (summarised in: Hilhorst 1995; Bewley 1997a;

Leubner-Metzger 2003; Kucera et al. 2005; Finch-Savage and Leubner-Metzger

2006; Holdsworth et al. 2008a). Taken together, the current findings support the

view that germination control by the seed-covering layers is achieved through the

combined or successive action of several cell-wall modifying proteins. One

intriguing issue arising from these studies is that there seem to be evolutionary

conserved molecular mechanisms as well as species-specific adaptations for endo-

sperm weakening and/or coat dormancy release. Analysis of endosperm-specific

transcriptome data sets of germinated Arabidopsis seeds, provide information about

the expression of genes for cell-wall modifying proteins (Penfield et al. 2006;

Holdsworth et al. 2008a). In addition to typical cell-wall polysaccharide hydrolases,
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ROS seem to be involved in seed dormancy release and germination and

may contribute to endosperm weakening and embryo growth (Bailly 2004; Oracz

et al. 2007).

4.3 Dormancy and Harsh Environments

4.3.1 Seed Dormancy and Tolerance in the Dry State

At the final stages of seed maturation, the induction of dormancy and subsequent

desiccation on the mother plant results in dry seeds that are extremely tolerant to

many types of stress. For instance, dry seeds can survive exposure to extremely high

(120�C) or low (liquid nitrogen) temperatures or vacuum (Leprince and Vertucci

1995). The lifespan of seeds in the dry state can be extremely long, ranging from

decades to centuries and even millennia. The most remarkable discovery was that

on ancient seeds of Sacred Lotus from China; radiocarbon dating showed an age of

these seeds of 1,288 � 271 years while still being capable to germinate (Shen-

Miller et al. 1995). The main reason for long-term protection is that the removal of

water results in glass formation of the cytoplasm. Glasses are semi-equilibrium

solid liquids with an extremely high viscosity (see Buitink and Leprince 2004, for

review). Low temperatures and low water contents drive the viscosity to such high

values that the cytoplasm will form a glassy state. The high viscosity is thought to

be responsible for the decreased ageing rates observed at these low water contents

and temperatures. Indeed, cellular viscosity and molecular mobility measurements

in the cytoplasm correlate with seed longevity over a wide range of temperatures

and water contents (Buitink et al. 2000). Thus, this intracellular glass formation,

together with direct interaction between molecules that are imbedded in the glassy

matrix through hydrogen bonding will maintain structural integrity lead to optimal

preservation of the dormant seeds in the dry state (reviewed in Buitink and Leprince

2004).

Although glass formation in seeds drastically decreases molecular mobility, the

molecules in a glass are not completely restricted in their movement, and this can

have known repercussions on the survival in the dry state and probably as well on

the dormancy status. In time, diffusion will be possible in the dry state, albeit at a

rate considerably slower than that in hydrated cytoplasm. Using theoretical con-

siderations coupled to measurements of relaxation times, Walters (2004) demon-

strated that mobility is not restricted until at least 70�C below the glass transition

temperature. This explains why seeds still age, because deteriorative processes such

as lipid oxidation can take place, though at a very slow rate. This could also explain

the natural after-ripening process that occurs in ‘dry’ seeds after harvest, during

which seeds escape dormancy (reviewed in Holdsworth et al. 2008a). The processes

taking place in dry seeds, that is with a water content below 0.10 g H20 g/g DW

(corrected for lipid content), can not involve true metabolism (i.e. ATP production
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via electron transport chains) because it has been shown to be arrested at water

contents below 0.2 g/g. However, the release of dormancy could well be determined

by the diffusion rate of certain molecules released from or diffusing within the

glassy cytoplasm. Interestingly, both the rate of after-ripening and aging increase

with increasing water content and temperature, as does the molecular mobility of

the cytoplasm (J. Buitink, unpublished data).

Another interesting question that remains to be answered is whether dry seeds in

a dormant state are more tolerant to stress than non-dormant seeds. Although this

has been suggested, we found no experimental evidence in the literature. Seed

longevity and seed dormancy seem to be controlled by different genetic factors in

rice as well as in Arabidopsis seeds (Miura et al. 2002; Clerkx et al. 2004) as

suggested by the different chromosomal locations of QTL for these traits. Mutant

seeds of ABI3, a master-regulator of seed maturation, are affected both in dormancy

and longevity (Ooms et al. 1993), but this regulation could involve independent

signalling pathways. The only mutation that directly affects both dormancy and

longevity is related to the seed testa of Arabidopsis (Debeaujon et al. 2000). These

testa mutants were shown to take up tetrazolium much more readily than the wild

types. This was related to defects in the pigmentation of the endothelium and its

neighbouring crushed parenchymatic layers. The degree of seed deterioration was

not strictly correlated with dormancy characteristics. Where the increased perme-

ability of the seed coat may result in reduced dormancy, it is most likely the absence

of the flavonoids that affect longevity, play a protective role against solute leakage,

imbibition damage, and oxidative stress.

4.3.2 Stress Tolerance of Dormant Seeds in the Hydrated State

Although seeds that remain dry are very tolerant, environmental conditions fluctu-

ate in nature, and seeds in soil banks are submitted to hydration and dehydration

cycles. Regardless of their dormancy status, seeds can undergo several cycles of

hydration and dehydration and, prior to radicle emergence, seeds remain desicca-

tion-tolerant, unless this cycle is repeated too often (Sliwinska and Jendrzejczak

2002). Interestingly, seed mitochondria of desiccation-tolerant, non-germinated pea

seeds have a remarkable temperature tolerance in response to both cold and heat

stress, when compared to mitochondria isolated from etiolated epicotyls, and

contain large amounts of a small heat shock protein, HSP22, and a late embryogen-

esis abundant (LEA) protein, LEAm (Stupnikova et al. 2006). It has been even

shown that re-drying hydrated, even germinated seeds can re-induce desiccation

tolerance (Buitink et al. 2003; Faria et al. 2005; Buitink et al. 2006). A transcrip-

tomic profiling of this re-induction of desiccation tolerance inMedicago truncatula
demonstrated that a large number of genes was re-induced when hydrated radicles

were submitted to a partial drying by an osmotic solution. Many of these genes are

related to protection against a wide range of stresses. For instance, a number of

genes encode regulatory genes that are typically expressed during abiotic/drought
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stresses as well as maturation. Furthermore, highly induced expression is found for

genes encoding LEA proteins, detoxification enzymes and heat-shock proteins

(Buitink et al. 2006). During this partial dehydration, a massive repression of

genes occurred belonging to numerous classes, including cell cycle, biogenesis,

primary and energy metabolism, suggesting that the re-establishment of DT in the

germinated radicles goes together with an active regulation to prepare for the return

to the quiescent state imposed by the incipient lack of water. Although in

M. truncatula, the re-induction of desiccation tolerance does not re-induce dor-

mancy in the seeds, it has been reported that rehydration–dehydration cycles can

also re-induce dormancy. Batlla and Benech-Arnold (2006) demonstrated that

seeds in weed seed banks under field conditions that were subjected to fluctuating

soil water content regime generally showed an increase in their dormancy level

after periods of storage under dry soil conditions, and a decrease in their dormancy

level after periods of storage under moist soil conditions.

Dormant seeds that remain hydrated need also to be protected against sudden

unfavourable environmental conditions. Indeed, protective mechanisms seem to be

activated in imbibed seeds. For example, the seed coats of dormant barrel medic

seeds remain devoid of any contaminating fungi and bacteria for months, whereas

isolated seed coats are readily infected (personal observation W. Bolingue). Also,

expression studies in dormant Arabidopsis seeds demonstrate that genes related to

defence and protection are highly expressed (Cadman et al. 2006). We re-analysed

the transcriptome data of imbibed dormant Arabidopsis seeds (D-dataset) from

Cadman et al. (2006) to screen for genes encoding putative protective molecules.

Several genes (6) encode LEA proteins, out of which two belong to group 1

(PF00477) and two to group 5 (seed maturation protein, PF04927). In addition, nine

genes encode small heat shock proteins, HSP70 and chaperone proteins dnaJ. Fur-

thermore, 14 genes involved in detoxification are highly expressed, such as metal-

lothionein, aldo-reductase, glutathione reductase-S-transferase and peroxiredoxin.

Interestingly, a similar set of genes are also highly expressed in relation to desicca-

tion tolerance, indicating partially similar regulatory mechanisms underlying both

dormancy and desiccation tolerance. Genes related to biotic stress are equally

expressed (8), such as defensins or CC-NBS-LRR class disease resistance proteins.

In barrel medic, a number of genes are up-regulated during imbibition in dormant

seeds that are related to secondary metabolism and defence responses, whereas their

expression remains low in imbibed seeds that are non-dormant and will readily

germinate (W. Bolingue and J. Buitink, unpublished data). Apparently, regulation

of gene expression related to protection and defence is constitutively activated in

dormant seeds.

In conclusion, in order to survive long time in seed banks, dormant seeds need to

be resistant in the dry as well as hydrated state against biotic and abiotic factors that

they are likely to encounter. A number of these mechanisms are likely to overlap

with those acquired during maturation, with the acquisition of desiccation tolerance

and longevity. Armed with these mechanisms, seeds can overcome those times

under which conditions are unfavourable for seedling establishment, and will as

such assure the propagation of future generations.
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4.4 Future Prospects

In the last decade, enormous progress has been made in the understanding of the

mechanisms and regulation of seed dormancy and germination, with a strong focus

on model systems, such as A. thaliana and M. truncatula. It has become clear that

environmental cues modulate the levels and balance of the plant hormones ABA

and GA in a complex way and thus determine the occurrence of dormancy and

germination. Annual dormancy cycling is mostly driven by changes in seasonal

temperatures, whereas the breaking of dormancy is influenced by environmental

cues such as light, nitrate and temperature/time. The regulation of seed dormancy

(cycling) and germination in A. thaliana at the molecular level is complex and

involves at least several hundreds of genes (Finch-Savage et al. 2007). It is,

therefore, likely that transcriptional networks and their associated transcription

factors are operational in the control of dormancy and germination. In order to

identify clusters within the network, co-expression analysis may be performed on

the different gene sets associated with different dormant states. In addition, to

identify potential transcription factors, sequence motifs in both the promoter and

non-coding regions of co-expressed genes may be identified. In addition to this

(transcriptional) network analysis, a system’s biology approach of seed germination

and dormancy appears timely. Such an approach would incorporate all levels of

complexity, from molecules to cells, to tissues to the whole seed and to the

environment. It would also include responses to biotic stresses that occur in parallel

to the dormancy/germination response, indicating a tight association between stress

and dormancy, as in many other organisms.
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Karssen CM, Laçka E (1986) A revision of the hormone balance theory of seed dormancy: studies

on gibberellin and/or abscisic acid-deficient mutants of Arabidopsis thaliana. In: Bopp M (ed)

Plant growth substances 1985. Springer, Berlin, pp 315–323

Koornneef M, Bentsink L, Hilhorst H (2002) Seed dormancy and germination. Curr Opin Plant

Biol 5:33–36

Koornneef M, Alonso-Blanco C, Vreugdenhil D (2004) Naturally occurring genetic variation in

Arabidopsis thaliana. Ann Rev Plant Biol 55:141–172

Krock B, Schmidt S, Hertweck C, Baldwin IT (2002) Vegetation-derived abscisic acid and four

terpenes enforce dormancy in seeds of the post-fire annual, Nicotiana attenuata. Seed Sci Res

12:239–252

Kucera B, Cohn MA, Leubner-Metzger G (2005) Plant hormone interactions during seed dor-

mancy release and germination. Seed Sci Res 15:281–307

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, Asami T, Hirai N, Koshiba T,

Kamiya Y, Nambara E (2004) The Arabidopsis cytochrome P450 CYP707A encodes ABA 80-
hydroxylases: key enzymes in ABA catabolism. EMBO J 23:1647–1656

Laserna MP, Sánchez RA, Botto JF (2008) Light-related loci controlling seed germination in Ler x
Cvi and Bay-0 x Sha recombinant inbred-line populations of Arabidopsis thaliana. Ann Bot

102:631–642

Le Page-Degivry MT, Bianco J, Barthe P, Garello G (1996) Change in hormone sensitivity in

relation to the onset and breaking of sunflower embryo dormancy. In: Lang GA (ed) Plant

dormancy: physiology, biochemistry and molecular biology. CAB International, Wallingford,

pp 221–231

Lee SC, Cheng H, King KE, Wang WF, He YW, Hussain A, Lo J, Harberd NP, Peng JR (2002)

Gibberellin regulates Arabidopsis seed germination via RGL2, a GAI/RGA-like gene whose

expression is up-regulated following imbibition. Genes Dev 16:646–658

Leprince O, Vertucci CW (1995) A calorimetric study of the glass-transition behaviors in axes of

bean-seeds with relevance to storage stability. Plant Physiol 109:1471–1481

Leubner-Metzger G (2002) Seed after-ripening and over-expression of class I b-1, 3-glucanase
confer maternal effects on tobacco testa rupture and dormancy release. Planta 215:959–968

Leubner-Metzger G (2003) Functions and regulation of b-1, 3-glucanase during seed germination,

dormancy release and after-ripening. Seed Sci Res 13:17–34

Leubner-Metzger G (2005) b-1, 3-Glucanase gene expression in low-hydrated seeds as a mecha-

nism for dormancy release during tobacco after-ripening. Plant J 41:133–145

Leubner-Metzger G, Meins F Jr (2000) Sense transformation reveals a novel role for class I b-1, 3-
glucanase in tobacco seed germination. Plant J 23:215–221

Liu P-P, Koizuka N, Homrichhausen TM, Hewitt JR, Martin RC, Nonogaki H (2005a) Large-scale

screening of Arabidopsis enhancer-trap lines for seed germination-associated genes. Plant J

41:936–944

Liu P-P, Koizuka N, Martin RC, Nonogaki H (2005b) The BME3 (Blue Micropylar End 3) GATA

zinc finger transcription factor is a positive regulator of Arabidopsis seed germination. Plant J

44:960–971

Liu Y, Koornneef M, Soppe WJJ (2007) The absence of histone H2B monoubiquitination in the

Arabidopsis hub1 (rod4) mutant reveals a role for chromatin remodeling in seed dormancy.

Plant Cell 19:433–444

Manz B, M€uller K, Kucera B, Volke F, Leubner-Metzger G (2005) Water uptake and distribution

in germinating tobacco seeds investigated in vivo by nuclear magnetic resonance imaging.

Plant Physiol 138:1538–1551

Miura K, Lin SY, Yano M, Nagamine T (2002) Mapping quantitative trait loci controlling seed

longevity in rice (Oryza sativa L.). Theor Appl Gen 104:981–986

M€uller K, Tintelnot S, Leubner-Metzger G (2006) Endosperm-limited Brassicaceae seed germi-

nation: abscisic acid inhibits embryo-induced endosperm weakening of Lepidium sativum
(cress) and endosperm rupture of cress and Arabidopsis thaliana. Plant Cell Physiol

47:864–877

4 Dormancy in Plant Seeds 65



Nakabayashi K, Okamoto M, Koshiba T, Kamiya Y, Nambara E (2005) Genome-wide profiling of

stored mRNA in Arabidopsis thaliana seed germination: epigenetic and genetic regulation of

transcription in seed. Plant J 41:697–709

Nambara E, Marion-Poll A (2003) ABA action and interactions in seeds. Trends Plant Sci

8:213–217

Ogawa M, Hanada A, Yamauchi Y, Kuwahara A, Kamiya Y, Yamaguchi S (2003) Gibberellin

biosynthesis and response during Arabidopsis seed germination. Plant Cell 15:1591–1604

Oh E, Kim J, Park E, Kim J-I, Kang C, Choi G (2004) PIL5, a phytochrome-interacting basic helix-

loop-helix protein, is a key negative regulator of seed germination in Arabidopsis thaliana.

Plant Cell 16:3045–3058

Ooms JJJ, Leon-Kloosterziel KM, Bartels D, Koornneef M, Karssen CM (1993) Acquisition of

desiccation tolerance and longevity in seeds of Arabidopsis thaliana (a comparative study using

abscisic acid-insensitive abi3 mutants). Plant Physiol 102:1185–1191

Oracz K, Bouteau HE-M, Farrant JM, Cooper K, Belghazi M, Job C, Job D, Corbineau F, Bailly C

(2007) ROS production and protein oxidation as a novel mechanism for seed dormancy

alleviation. Plant J 50:52–465

Peeters AJM, Blankestijn-DeVries H, Hanhart CJ, Leon-Kloosterziel KM, Zeevaart JAD, Koorn-

neef M (2002) Characterization of mutants with reduced seed dormancy at two novel rdo loci

and a further characterization of rdo1 and rdo2 in Arabidopsis. Physiol Plant 115:604–612

Penfield S, Josse E-M, Kannangara R, Gilday AD, Halliday KJ, Graham IA (2005) Cold and light

control seed germination through the bHLH transcription factor SPATULA. Current Biol

15:1998–2006

Penfield S, Li Y, Gilday AD, Graham S, Graham IA (2006) Arabidopsis ABA INSENSITIVE4

regulates lipid mobilization in the embryo and reveals repression of seed germination by the

endosperm. Plant Cell 18:1887–1899

Piskurewicz U, Jikumaru Y, Kinoshita N, Nambara E, Kamiya Y, Lopez-Molina L (2008) The

gibberellic acid signaling repressor RGL2 inhibits Arabidopsis seed germination by stimulat-

ing abscisic acid synthesis and ABI5 activity. Plant Cell 20:2729–2745

Rajjou L, Gallardo K, Debeaujon I, Vandekerckhove J, Job C, Job D (2004) The effect of alpha-

amanitin on the Arabidopsis seed proteome highlights the distinct roles of stored and neo-

synthesized mRNAs during germination. Plant Physiol 134:1598–1613

Richards DE, King KE, Aitali T, Harberd NP (2001) How gibberellin regulates plant growth and

development: a molecular genetic analysis of gibberellin signaling. Ann Rev Plant Physiol

Plant Mol Biol 52:67–88

Rohde A, Kurup S, Holdsworth M (2000) ABI3 emerges from the seed. Trends Plant Sci

5:418–419

Schwachtje J, Baldwin IT (2004) Smoke exposure alters endogenous gibberellin and abscisic acid

pools and gibberellin sensitivity while eliciting germination in the post-fire annual, Nicotiana

attenuata. Seed Sci Res 14:51–60

Shen-Miller J, Mudgett MB, Schopf JW, Clarke S, Berger R (1995) Exceptional seed longevity

and robust growth: ancient sacred lotus from China. Am J Bot 82:1367–1380

Sliwinska E, Jendrzejczak E (2002) Sugar-beet seed quality and DNA synthesis in the embryo in

relation to hydration-dehydration cycles. Seed Sci Technol 30:597–608

Stupnikova I, Benamar A, Tolleter D, Grelet J, Borovskii G, Dorne A-J, Macherel D (2006) Pea

seed mitochondria are endowed with a remarkable tolerance to extreme physiological tem-

peratures. Plant Physiol 140:326–335

Tamura N, Yoshida T, Tanaka A, Sasaki R, Bando A, Toh S, Lepiniec L, Kawakami N (2006)

Isolation and characterization of high temperature-resistant germination mutants of Arabidop-

sis thaliana. Plant Cell Physiol 47:1081–1094

Teng S, Rognoni S, Bentsink L, Smeekens S (2008) The Arabidopsis GSQ5/DOG1 Cvi allele is

induced by the ABA-mediated sugar signalling pathway, and enhances sugar sensitivity by

stimulating ABI4 expression. Plant J 55:372–381

66 H.W.M. Hilhorst et al.



Toorop PE, van Aelst AC, Hilhorst HWM (2000) The second step of the biphasic endosperm cap

weakening that mediates tomato (Lycopersicon esculentum) seed germination is under control

of ABA. J Exp Bot 51:1371–1379

Tyler L, Thomas SG, Hu J, Dill A, Alonso JM, Ecker JR, Sun TP (2004) DELLA proteins and

gibberellin-regulated seed germination and floral development in Arabidopsis. Plant Physiol

135:1008–1019

Walters C (2004) Temperature dependency of molecular mobility in preserved seeds. Biophys J

86:1253–1258

Wen CK, Chang C (2002) Arabidopsis RGL1 encodes a negative regulator of gibberellin

responses. Plant Cell 14:87–100

Yamaguchi S, Kamiya Y (2002) Gibberellins and light-stimulated seed germination. J Plant

Growth Regul 20:369–376

Yamaguchi S, Smith MW, Brown RG, Kamiya Y, Sun T (1998) Phytochrome regulation and

differential expression of gibberellin 3beta-hydroxylase genes in germinating Arabidopsis

seeds. Plant Cell 10:2115–2126

Yamaguchi S, Kamiya Y, Sun TP (2001) Distinct cell-specific expression patterns of early and late

gibberellin biosynthetic genes during Arabidopsis seed germination. Plant J 28:443–453

Yamauchi Y, Ogawa M, Kuwahara A, Hanada A, Kamiya Y, Yamaguchi S (2004) Activation of

gibberellin biosynthesis and response pathways by low temperature during imbibition of

Arabidopsis thaliana seeds. Plant Cell 16:367–378

4 Dormancy in Plant Seeds 67



Chapter 5

Bud Dormancy in Perennial Plants:

A Mechanism for Survival

James V. Anderson, David P. Horvath, Wun S. Chao, and Michael E. Foley

Abstract Dormancy in vegetative buds of perennial plants plays an important role

for surviving harsh environmental conditions. Identifying the genetic and physio-

logical mechanisms regulating dormancy in these vegetative structures will allow

manipulation of plant growth and development in both crops and weeds. Model

plants have been used to study the physiological effects that photoperiod and

temperature impart on dormancy regulation in perennial buds. At the molecular

level, models derived through analysis of the transcriptome have shed new light on

multiple cellular pathways and physiological processes associated with dormancy

transitions and, in some cases, have revealed overlap with pathways regulating

flowering and cold acclimation. In this chapter, we discuss proposed models based

on advances to our understanding of physiological and molecular factors affecting

dormancy regulation in vegetative buds of perennials.

5.1 Introduction

Vegetative buds contain meristems in various stages of growth and development,

which posses the capacity to serve as reservoirs for potential vegetative and/or floral

development following extremes in seasonal weather conditions. In perennials,

these buds are formed on vegetative propagules such as bulbs, corms, roots, rhi-

zomes, stolons, and tubers or, in the case of trees they also exist as apical or axillary

buds during the growing and nongrowing season (Anderson et al. 2001). During the

perennial life cycle, axillary and apical buds of most woody tree species and shrubs

or underground adventitious buds of herbaceous species transition through the
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various stages of dormancy (para-, endo-, and eco-dormancy) as defined by Lang

et al. (1987). During the growing season, meristematic development in paradormant

axillary or adventitious buds is under the control of physiological signals generated

external to the buds (this process is also referred to as correlative inhibition or apical

dominance) (Fig. 5.1). In autumn, shortening photoperiod and/or cool temperature
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Fig. 5.1 Overview of dormancy status during seasonal bud development in herbaceous and woody

perennials. Diagram shows developmental comparison of underground adventitious buds of

herbaceous (leafy spurge) and apical or axillary buds of woody (poplar) plants during seasonal

transitions in well-defined phases of para-, endo-, and eco-dormancy. Abbreviations: ABA abscisic

acid, GA gibberellic acid, IPT isopentenyl transferase, SL strigolactone

70 J.V. Anderson et al.



induces endodormancy (also referred to as innate dormancy) through internal

signals and processes within the bud that prevent growth even if external physiolog-

ical signals are removed and the plants are returned to growth-promoting conditions.

Establishment of endodormancy prevents initiation of new shoot growth from

buds during autumn when the environment can rapidly fluctuate between growth-

promoting and nonpromoting conditions. As a result, endodormancy prevents buds

from establishing new shoot growth that would be susceptible to environmental

stress (e.g., frost and dehydration) and would thus deplete plants of buds needed to

generate vegetative growth the following growing season (Chao et al. 2007; Rohde

and Bhalerao 2007; Volaire and Norton 2006). Extended periods of extreme tem-

peratures are generally required to release buds from endodormancy. However,

these environmental extremes also prevent further growth, a process known as

ecodormancy. In this chapter, we will discuss the environmental factors that affect

physiological and molecular signaling mechanisms associated with seasonal transi-

tions in well-defined phases of plant bud dormancy; particularly the induction and

release from endodormancy by environmental signals such as photoperiod and/or

temperature, and its overlap with flowering pathways in woody and herbaceous

perennials.

5.1.1 Bud Phenology in Model Perennials

Determination of vegetative or floral bud development is dependent on specific

environmental signals such as exposure to extended cold temperatures or specific

photoperiods (Chouard 1960; Rohde and Bhalerao 2007). However, across plant

species, the developmental context of buds from annuals, woody perennials, and

herbaceous perennials is different. For example, in most woody perennials, such as

poplar (Populus spp.), the mature growing apices transition to overwintering buds,

while in herbaceous perennials such as leafy spurge (Euphorbia esula), the mature

growing apices senesce and die, which is similar to the model annual plant

Arabidopsis thaliana. However, unlike Arabidopsis, where the whole plant dies,

adventitious buds located on the persisting underground crown and root system of

leafy spurge overwinter for renewed seasonal shoot growth. Since buds of model

herbaceous and woody perennials exhibit differences in their phenotypic develop-

ment (Fig. 5.1), each will be discussed separately. Although this chapter focuses on

dormancy in perennials, where appropriate, information obtained from studies with

Arabidopsis will be included to bridge gaps in proposed models.

5.1.1.1 Woody Perennials

Several model dicot systems have been used to study bud dormancy and flowering

in woody perennials. In the spring, apical buds of poplar initiate growth (often

referred to as bud break) to become the new growing shoot meristem (Yuceer et al.
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2003). In poplar, preformed early leaves in the apical buds rapidly expand, while

leaf primordia on the shoot continue to differentiate to become what is referred to as

later leaves. Axillary buds formed at the base of early preformed leaves remain

vegetative, while axillary buds that form at the base of the later leaves are pro-

grammed to become floral buds in adult trees (see Fig. 5.1). The early preformed

leaves may provide the florigenic signal required for the axillary buds of the late-

formed leaves to differentiate into floral organs (Yuceer et al. 2003). However, the

floral buds that form at the base of later leaves will not flower until they have

overwintered. After exposure to 1–2 weeks of short photoperiod, apical meristems

cease growth and the leaf primordia differentiate into scales rather than leaves, a

process known as bud set. If these buds are placed back under long photoperiod

conditions, they still resume growth, indicating that the limited short photoperiods

induce ecodormancy. However, subjecting apical buds to 4–6 weeks of short

photoperiod prevents growth upon return to long photoperiod conditions, indicating

that exposure of buds to extended short photoperiods induces endodormancy. These

buds also become partially cold acclimated after 4–6 weeks under short photope-

riod conditions; although additional cold temperatures enhance cold hardiness

(Welling et al. 1997). Once buds are endodormant, they remain so until extended

exposure to cold temperatures reestablish growth competence.

Other woody perennials used to study bud dormancy include chestnut (Castanea
sativa) (Ramos et al. 2005), grape (Vitis spp.) (Fennell and Hoover 1991; Mathiason

et al. 2008; Schnabel and Wample 1987; Wake and Fennell 2000), various other

fruit crops such as apple (Malus spp.) (Foster et al. 2003; Heide and Prestrud 2005)
and members of the Prunus family such as peach (Bielenberg et al. 2004; Li et al.

2009) and apricot (Yamane et al. 2008), and to lesser extents other woody per-

ennials such as red osier dogwood (Cornus sericea) (Smithberg and Weiser 1968;

Svendsen et al. 2007). Like poplar, these species follow similar bud developmental

phenology, with the formation of an apical meristem (sometimes referred to as a

terminal vegetative bud) and axillary buds forming either vegetative or floral buds

depending on their maturity requirements, relative position on the stem, and/or

light/temperature conditions during development. In grape, bud meristems that

overwinter develop 6–9 nodes over the growing season; each node develops a

leaf with a vegetative axillary bud along with a tendril or floral bud opposite the

leaf. At nodes 4–6, the opposing bud generally forms a flower, while the other bud

forms a tendril (Pratt 1971). In apple, the apical bud and those closest to the apical

bud become committed to flowering, while more distal buds remain committed to

vegetative production (Foster et al. 2003). In both grape and apple, floral bud

development occurs in the growing season that precedes flowering, similar to

poplar (Foster et al. 2003; Pratt 1971).

Endodormancy induction in some grape varieties require short photoperiod

conditions, while other varieties require both short photoperiod and cold tempera-

tures (Fennell and Hoover 1991; Schnabel and Wample 1987). A similar phenome-

non has been noted in northern vs. southern ecotypes of red osier dogwood

(Smithberg and Weiser 1968; Svendsen et al. 2007). In apple and pear (Pyrus
spp.), temperature alone appears to regulate endodormancy induction and release
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(Heide and Prestrud 2005). In all these systems, once endodormancy is released,

buds develop into either vegetative meristems or flowers depending on their pre-

determined state.

5.1.1.2 Herbaceous Perennials

Unlike most woody perennials, which develop new vegetative growth from apical

or axillary buds located on above ground stems and branches, the aerial portions of

herbaceous perennials seasonally die back to ground level, and development of new

stems and shoots occurs from adventitious buds that are underground or at the soil

surface. Compared to woody perennials, substantially fewer herbaceous perennial

models are used to study well-defined phases of dormancy. Leafy spurge has

emerged as a prominent model system to study dormancy transitions in herbaceous

perennials (Chao et al. 2005).

Leafy spurge is a wild flower common to road sides and pasture lands in central

and eastern Europe, but has become an invasive weed in the Northern Great Plains

of the US and Canada. Leafy spurge reproduces sexually by seeds, or asexually by

vegetative reproduction from an abundance of underground adventitious buds.

Dormancy-imposed inhibition of new shoot growth from underground adventitious

buds has long been considered a key characteristic leading to the persistence and

invasiveness of herbaceous perennial weeds such as leafy spurge, Canada thistle

(Cirsium arvense), field bindweed (Convolvulus arvensis), etc. As a result, the

nonuniform emergence of vegetative shoots, resulting from dormancy-imposed

inhibition of growth, is one of the key characteristics allowing many weedy plants

to escape conventional control measures. Understanding the pathways and net-

works that regulate dormancy in weedy perennials could identify new targets for

manipulating plant growth and reduce economic costs to land managers worldwide.

In herbaceous perennials like leafy spurge, bud and flower development, as well

as dormancy transition, deviate from those described for woody perennials. In field

settings, leafy spurge forms new adventitious buds on the underground portion of

its stem (often referred to as the crown; see Fig. 5.1) and on roots. During late spring

to early summer, usually after flowering has occurred, new crown buds form

(Anderson et al. 2005). However, visible crown buds will also form on stems of

greenhouse-grown, nonflowering plants within 2–3 months after propagation from

shoot cuttings. Like axillary buds of other models, crown and root buds will not

develop into new shoots during the growing season unless the above ground portion

of the plant dies or is removed. During late summer and early autumn, these

paradormant buds transition to a state of endodormancy which is often marked by

bud expansion. Following extended cold treatment, endodormant buds transition to

an ecodormant state at which point they simultaneously become both growth and

floral competent (Anderson et al. 2005). Leafy spurge plants that have transitioned

through both endo- and eco-dormancy generate new shoot growth followed by

flowering after several weeks when returned to growth-conducive environments

(Doğramaci et al. 2010; Foley et al. 2009).

5 Bud Dormancy in Perennial Plants: A Mechanism for Survival 73



Potato (Solanum tuberosum) is another model system used to study bud dor-

mancy. In potato, short photoperiod exposure perceived by the leaves induces

underground stolons to develop tubers with axillary buds (Rodrı́guez-Falcón et al.

2006). Once formed, these buds are endodormant (Sonnewald 2001). In addition to

the substantial body of work on potato bud endodormancy at the physiological level

(Suttle 2004, 2008), there is evidence that seasonal regulation of floral and tuber-

inducing signaling pathways might also overlap at the molecular level (Rodrı́guez-

Falcón et al. 2006) and that endodormancy maintenance may involve chromatin

remodeling (Law and Suttle 2004).

5.2 Environmental Regulation

Light and/or temperature are important environmental signals affecting transitions

between well-defined phases of dormancy and the underlying mechanisms regulat-

ing these transitions are a major focus in this review (Figs. 5.2 and 5.3). These

environmental signals influence the physiology of buds and alter their ability to

initiate new vegetative growth under growth-conducive conditions (Allona et al.

2008; Anderson et al. 2001; Cao et al. 2008; Franklin 2009; Horvath et al. 2003;

Rohde and Bhalerao 2007). Interestingly, in leafy spurge, cold temperatures can

induce endodormancy, but an extended period of cold temperature (referred to as

vernalization in relation to flowering) signals a dual response that initiates growth-

and floral-competence (Foley et al. 2009). In poplar, proteins normally associated

with flowering in Arabidopsis, such as FLOWERING LOCUS T (FT), TERMINAL

FLOWER 1 (TFL1), PHYTOCHROME A (PHYA), and CONSTANS (CO),

have also been associated with regulating growth cessation and endodormancy

(Böhlenius et al. 2006; Eriksson 2000; Ruonala et al. 2008). In Arabidopsis,

genes encoding these proteins are impacted by both light and temperature (Franklin

2009; Kobayashi and Weigel 2007; Michaels 2009; Nozue and Maloof 2006;

Penfield 2008). However, although it has been suggested that signal transduction

pathways regulating flowering and endodormancy converge (Horvath 2009), there

are still many unresolved questions on how these pathways interact.

5.2.1 Light

Photoperiod is generally considered the primary signal regulating endodormancy

induction in many perennials (Howe et al. 1996; Jeknic and Chen 1999; Li et al.

2003; Smithberg and Weiser 1968; Wake and Fennell 2000), with the notable

exceptions in several Rosaceae family members (Heide and Prestrud 2005). In

Arabidopsis and poplar, photoperiod is perceived by photoreceptors such as phyto-

chrome, which perceives the ratio of red to far-red light (Eriksson 2000; Franklin

2009), and in Arabidopsis cryptochrome (CRY) is also known to perceive and
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Fig. 5.2 Based on information gathered from both annuals and perennials, this proposed model

represents a simplified review of the multiple pathways linking environmental input signals to

dormancy regulation and flowering. Both phytochromes and cryptochromes couple input signals

from photoperiod and temperature to circadian clock associated proteins. Circadian control

involves feedback loop interactions among a host of proteins such as CCA1, ELF3, GI, LHY,

PRR9, PRR7 and PRR5, TOC1, and ZTL. Output from entrainment of the circadian clock genes

modify the expression of an additional signal transduction cascade that originates from PHYA and

CRY2. This portion of the leaf photoperiod measuring mechanism acts through FKF1, GI, CDF1,
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transduce blue light signals (Cashmore et al. 1999; McClung 2006). These and

other molecular input signals interact with and respond to components of the

circadian clock (see Fig. 5.2), which controls diurnal rhythms in annuals and

perennials (Harmer 2009; McClung 2006; Robertson et al. 2008; Rodrı́guez-Falcón

et al. 2006).

In temperate ecosystems, photoperiod is the most reliable indicator of seasonal

transitions. Thus, it is not surprising that light regulates dormancy and flowering via

genes and signaling mechanisms involved in regulating the circadian clock (Smith

2000). For example, PHYA and PHYB, proteins involved in entrainment of the

Fig. 5.2. (continued) and the floral promoter CO, which partially controls expression of floral

integrators like FT. FT is generally transported through the phloem to the apical meristem.

Vernalization mediates the epigenetic repression of FLC or FLC-LIKE, which encodes a

MADS-box transcription factor that also represses the expression of floral pathway integrators

such as FT. Long photoperiods also inhibit expression of SVP/DAM, which encodes other MADS-

box transcription factors that inhibits FT and CENL1. Although not shown in this diagram, there

are multiple points of crosstalk between circadian regulation and cold responses that also modify

the activation of floral and endodormancy responses

Paradormancy
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Ethylene PHYA
Short-
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?

Endodormancy Growth
Cessation
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COCold

ABA FLCLong-term cold
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Fig. 5.3 Proposed model of environmental, physiological, and genetic factors impacting dor-

mancy transitions in perennial buds. Red arrows/bars indicate genes, hormones, metabolites, or

environmental condition that have proven, in at least one perennial system, to induce/inhibit

effects on targets, while black arrows/bars indicate suspected induction/inhibition on targets.

Short daylight affects PHYA and GA which impact growth cessation and endodormancy induc-

tion. Short daylight also induces ethylene production which may induce ABA (through induction

of NCED1) to enhance and perhaps maintain endodormancy. Short daylight and or short-term cold

are suspected of inducing DAM genes, the product of which likely act to inhibit FT expression to

regulate endodormancy induction. Short-term cold also induced ABA accumulation in the buds

which may enhance endodormancy. Long-term cold inhibits the expression of some (but not all)

DAM genes, reduces ABA content, and releases buds from endodormancy. “?” represents contra-

dictory data where short day clearly induces PHYA expression yet overexpression of transgenic

PHYA inhibits endodormancy
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circadian clock (McClung 2006; Rodrı́guez-Falcón et al. 2006), have a significant

impact on flowering in Arabidopsis (Fujiwara et al. 2008; Ishikawa et al. 2006; Mas

and Yanovsky 2009; McClung 2006). PHYA also has an indisputable impact on

endodormancy in poplar (Olsen et al. 1997; Ruonala et al. 2008) and PHYB plays a

critical role in perception of short photoperiod and induction of tuberization in

potato (Rodrı́guez-Falcón et al. 2006). Activation of Arabidopsis PHYB initiates a

series of regulatory feedback loops formed by numerous circadian clock genes

(McClung 2006). Additional research with Arabidopsis highlights the affect of

photoperiod on other circadian regulating genes such as CIRCADIAN CLOCK
ASSOCIATED1 (CCA1), EARLY FLOWERING3-4 (ELF3 and ELF4), GIGANTIA
(GI), LATE ELONGATEDHYPOCOTYL (LHY), PHYTOCHROME-INTERACTING
FACTOR3 (PIF3), PSEUDO-RESPONSE REGULATORS (PRR9, PRR7 and

PRR5), TIMING OF CAB1 (TOC1), LUX ARRHYTHMO (LUX), and ZEITLUPE
(ZTL), (Harmer 2009; McClung 2006). These circadian clock genes interact with

and modify the expression of an additional signal transduction cascade that origi-

nates from PHYA and CRY1/2. This portion of the photoperiod measuring mecha-

nism acts through FLAVIN-BINDING, KELCH REPEAT, F-BOX1 (FKF1),

CYCLING DOF FACTOR1 (CDF1), and CO (Fujiwara et al. 2008; Kobayashi

and Weigel 2007; Michaels 2009; Sawa et al. 2007), and partially controls FT and

TFL1 in Arabidopsis (Kobayashi et al. 1999).

In poplar, FT and CENTRORADIALIS-LIKE 1 (CENL1) (orthologue of TFL1)

regulate seasonal growth cessation (Böhlenius et al. 2006), and dormancy (Ruonala

et al. 2008). In Arabidopsis and poplar, FT and CENL1 also regulate flowering with

FT promoting flowering and TFL1/CENL1 inhibiting flowering (Böhlenius et al.

2006; Kobayashi et al. 1999; Mohamed 2006). Interestingly, whereas wild-type

Populus spp. ceased growth and set buds under short photoperiod (Eriksson 2000;

Olsen 1997), short photoperiod-induced growth cessation and CO repression did

not occur in PHYA overexpressing lines (Böhlenius et al. 2006); even when placed

in 6 h of daylight (Olsen et al. 1997). Thus, overexpression of PHYA in Populus spp.
may prevent growth cessation and endodormancy induction by up-regulating FT
and CENL1 (Böhlenius et al. 2006; Ruonala et al. 2008).

Because photoperiod impacts circadian regulation and endodormancy induction,

it is likely that circadian clock genes also affect endodormancy and vice versa. For
example, during the transition from endodormancy to ecodormancy, numerous

genes involved in circadian regulation were up-regulated in crown buds of leafy

spurge (Horvath et al. 2008). A similar induction of genes involved in circadian

regulation was also observed in grape, chestnut, and poplar during the transition

from endodormancy to ecodormancy (Mathiason et al. 2008; Ramos et al. 2005;

Ruttink et al. 2007). Interplay between several components of the circadian clock

and floral-regulating MADS-box transcription factors FLOWERING LOCUS C

(FLC) and SHORT VEGETATIVE PHASE (SVP) are known (Fujiwara et al. 2008;

Michaels 2009; Salathia et al. 2006), and both of these factors have been shown

to regulate FT in Arabidopsis (Helliwell et al. 2006; Lee et al. 2007; Searle

et al. 2006).

5 Bud Dormancy in Perennial Plants: A Mechanism for Survival 77



5.2.2 Temperature

Temperature, like photoperiod, can also regulate endodormancy and flowering

induction in some perennials (Foley et al. 2009; Heide and Prestrud 2005; Mouhu

et al. 2009; Schnabel and Wample 1987; Smithberg and Weiser 1968; Svendsen

et al. 2007). However, compared to photoperiod, considerably less is known about

the role that cold plays in endodormancy induction. Cold temperatures are sufficient

for inducing endodormancy in some dogwood ecotypes (Svendsen et al. 2007),

Rosaceae spp. (Heide and Prestrud 2005), citrus (Moss 1969), and leafy spurge

(Anderson et al. 2005; Foley et al. 2009). Interestingly, Foley et al. (2009) further

discovered that crown buds must transition through a state of endodormancy to

achieve fulfillment of flowering by vernalization in leafy spurge.

The circadian clock is also known to integrate low temperature responses in both

annuals and perennials (Harmer 2009; Penfield 2008; Ramos et al. 2005; Samach

and Wigge 2005). Thus, it is not surprising that temperature affects endodormancy

in perennials (Heide 2008; Kwolek and Woolhouse 1982; Svendsen et al. 2007). In

addition, there is evidence for cross talk between low temperature and phytochrome

signaling (Allona et al. 2008; Benedict et al. 2006; Heschel et al. 2007; Kim et al.

2002; Olsen et al. 1997; Penfield 2008; Smith 2000), which may link temperature

responses to FT and CENL1 expression and endodormancy induction.

5.2.2.1 Cold-Hardening/Cold-Acclimation

Cool autumn temperatures not only initiate endodormancy in buds of perennials but

also induce a phenomenon important for survival referred to as cold hardening or

cold acclimation. Cold hardening protects the cellular constituents from damage as

a result of dehydration and freezing (Guy 1990; Thomashow 2001), and in Arabi-

dopsis cold-regulated gene expression likely occurs through a process involving

circadian evening elements (Mikkelsen and Thomashow 2009). Several transcrip-

tion factors induced by cold temperatures bring about global changes in gene

expression that play an important role in the hardening/acclimation process.

Among the best studied of these transcription factors is a family of AP2 DNA-

binding transcription factors known as C-REPEAT BINDING FACTOR (CBF)

1-4, also known as DEHYDRATION RESPONSIVE ELEMENT BINDING

FACTOR (DREB). CBFs are themselves believed to be regulated by another

transcription factor known as INDUCER of CBF EXPRESSION (ICE) 1. ICE1 is

present at normal growing temperatures but is either activated or interacts with a

protein that is activated by cold (Thomashow 2001). PHYA has been implicated as

a transduction pathway mediator; either by PHYA-mediated phosphorylation, or by

modulation of proteolysis of ICE1 (Benedict et al. 2006; also see Penfield 2008).

Interestingly, overexpression of PHYA appears to inhibit short photoperiod-induced

cold hardening in poplar (Olsen et al. 1997). In trees, PHYA may prevent short

photoperiod induced cold hardening and growth cessation through maintenance of

gibberellic acid (GA) levels (see Allona et al. 2008).
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Transition from para- to endo-dormancy in leafy spurge crown buds, which

coincided with decreasing night temperatures, are paralleled by up-regulation of

cold-hardening transcripts with homology to Arabidopsis DREB A4 (At2g35700)

and ICE1-LIKE (Doğramaci et al. 2010; Horvath et al. 2008). Since cold-induced

expressions of some DREB/CBF-family members are gated by the circadian clock

in Arabidopsis (Fowler et al. 2005), these particular regulators of transcription

might also have some impact or overlap with pathways affecting dormancy transi-

tions in response to low temperature, particularly in plants such as apple or leafy

spurge that rely primarily on cold-induced endodormancy.

5.2.2.2 Vernalization

Although cold hardening generally occurs concomitantly with endodormancy

induction, extended cold temperatures both break endodormancy and induce floral

competency in numerous perennials (Anderson et al. 2005; Chouard 1960; Foley

et al. 2009; Nishikawa et al. 2007). Chouard (1960) originally hypothesized that

there might be a connection between vernalization and release from endodormancy.

This idea was later expanded to suggest that mechanisms such as chromatin

modification might play an underling role in endodormancy in perennials such as

leafy spurge, because buds need to “remember” that they are dormant, particularly

during brief warm spells common during late autumn and early winter (Horvath

et al. 2003). This mechanism was later shown to be true in the case of vernalization

in Arabidopsis (Amasino 2004; Henderson and Dean 2004; Sung and Amasino

2004). Further support of this hypothesis in perennials comes from identification of

differentially expressed chromatin-modifying genes during endodormancy induc-

tion and release in leafy spurge, poplar (in both apical and cambial meristems),

grape, and potato (Campbell et al. 2008; Doğramaci et al. 2010; Druart et al. 2007;

Horvath et al. 2008; Or et al. 2000; Ruttink et al. 2007).

In contrast to perennials, the mechanisms by which extended cold temperature

induces floral competence in winter annuals, such as Arabidopsis, is well under-

stood and information is accumulating on vernalization processes in other species

(Alexandre and Hennig 2008). During vernalization, the chromatin structure in the

promoter and 50 coding regions of the floral repressor FLC is altered to prevent

expression of FLC, even after multiple rounds of cell division (He and Amasino

2005). The key players in regulating chromatin modifications are VERNALIZA-

TION INSENSITIVE3 (VIN3), VERNALIZATION1 (VRN1), and 2 (VRN2)

(Amasino 2004; Sung and Amasino 2004). In Arabidopsis, extended cold tempera-

tures up-regulate VIN3 by unknown mechanisms and once induced, VIN3 along

with VRN1, VRN2, and LIKE HETEROCHROMATIN PROTEIN1 (LHP1) spe-

cifically alter the methylation and acetylation of histones on the FLC promoter to

block transcription (Henderson and Dean 2004; Sung and Amasino 2004; Sung

et al. 2006).

Chromatin remodeling regulates other flowering genes besides FLC. Chromatin

alterations also regulate FT to some extent and TFL2, another protein similar to
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LHP1 (Takada and Goto 2003). Likewise, the gene EARLY BOLTING IN SHORT
DAYS (EBS), that is similar to a group of bromo/homeodomain containing zinc finger

proteins associated with chromatin-modifying complexes, impacts FT expression

(Pineiro et al. 2003). Mutations in other chromatin-modifying proteins such as

various members of the SWITCH/SUCROSE NONFERMENTABLE (SWI/SNF)

protein complexes, POLYCOMB group proteins, and other known chromatin-modi-

fying proteins also impact floral timing and development (Farrona et al. 2004;

Henderson and Dean 2004; Noh and Noh 2006), and may also impact endodormancy

maintenance in perennials (Doğramaci et al. 2010; Horvath et al. 2008). However,

the role that epigenetic factors play in regulating endodormancy induction and

release in perennial buds requires additional support to confirm the function of

chromatin-modifying genes differentially expressed during these transitions.

5.3 Genetic/Physiological Model(s) for Regulation of Dormancy

Transitions

Data presented so far highlights that signal transduction pathways affected by both

cold and light signaling converge on the expression of FT and CENL1 to affect

endodormancy and flowering (Fig. 5.2 and Table 5.1). Both of these genes are also

regulated by SVP and FLC in Arabidopsis, two specific floral-regulating MADS-

box transcription factors (Fujiwara et al. 2008; Lee et al. 2007; Michaels 2009). In

perennial species,DORMANCY ASSOCIATEDMADS-box (DAM) genes, which are

closely related to SVP, have been identified as playing a role in endodormancy

induction. DAM genes were first identified as having a role in dormancy through

map-based cloning of the EVERGROWING locus in peach (Bielenberg et al. 2004).

The evergrowing (earlier called evergreen) peach varieties contain a mutation that

prevents induction of dormancy under short daylight conditions (Li et al. 2009), in

contrast to that observed for wild-type varieties (Diaz 1974). Sequencing of the

EVERGROWING locus of wild type and mutant lines revealed a deletion of a series

of MADS-box genes in the mutant line (Bielenberg et al. 2008).

It has been hypothesized that induction ofDAM genes may be required for down-

regulating FT and CENL1 during the initiation of growth cessation and/or endodor-
mancy in some perennial species (Horvath et al. 2008; Horvath 2009), since SVP

down-regulates FT in Arabidopsis (Fujiwara et al. 2008; Lee et al. 2007) and FT and

CENL1 influences growth cessation and dormancy in trees (Böhlenius et al. 2006;

Ruonala et al. 2008). This hypothesis is supported by potential FT- and CENL1-
LIKE genes from leafy spurge being down-regulated concomitantly with DAM
induction during endodormancy (Horvath et al. 2008). Additionally, Horvath et al.

(2010) found that FT expression was down-regulated in transgenic Arabidopsis

lines overexpressing leafy spurge DAM1, and these transgenic lines also had

reduced bolt height and delayed flowering compared to wild type. Although the

functionality of the putative FT-LIKE gene from leafy spurge has not been verified,

the results were consistent with the hypothesis that DAM regulates FT/CENL1.
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Research is continuing in multiple perennials to determine if DAM gene expression

has any direct impact on dormancy, flowering, or FT expression.

The induction ofDAM genesmay also play a role in regulating transitional phases

of dormancy in other perennials. For example, DAM genes from raspberry (Rubus
idaeus) (Mazzitelli et al. 2007), potato (Campbell et al. 2008), apricot (Yamane et al.

2008), peach (Bielenberg et al. 2008; Li et al. 2009), and likely poplar (see Horvath

et al. 2008) have been implicated in bud dormancy regulation. Differential expres-

sion ofDAM genes has been observed during dormancy-inducing short photoperiod

conditions in Populus spp. and Prunus spp. (Ruttink et al. 2007; Yamane et al. 2008)

and during cold-induced endodormancy induction of leafy spurge (Horvath et al.

2010). Additionally, putative cis-acting elements similar to circadian-regulating

evening elements, affecting diurnal regulation, are conserved in the promoters of

DAM genes of poplar and leafy spurge (Horvath et al. 2008), but CBF-binding sites

(Fowler et al. 2005) are only observed in the leafy spurge DAM1 promoter (Horvath

et al. 2008). Thus among perennial species, the presence of CBF sites in the

promoters of DAM genes could explain why cold is the primary signal-inducing

endodormancy in some perennial species, as opposed to other perennial species

where photoperiod primarily regulates endodormancy induction.

Table 5.1 Floral regulatory genes and their affect on flowering in the model annual Arabidopsis

and the impact of suspected orthologs on dormancy in one or more perennial systems

Gene Function Flowering Dormancy

RRa Ib Rc AEd RRa Ib Rc AEd

APETALA1 (AP1) FMIe X – – X – – – –

CONSTANS (CO) PPf X X – X X – – X

FLOWERING LOCUS T (FT) FIg X X – X X – X X

FLOWERING LOCUS C (FLC) FRh X – X X – – – –

LEAFY (LFY) FMI X – – X – – – –

PHYTOCHROME A (PHYA) PP X X – X X – X X

SHORT VEGETATIVE PHASE/DORMANCY
ASSOCIATED MADS BOX (SVP/DAM)

FI X – X X X X – X

SUPPRESSOR OF CONSTANS 1 (SOC1) FI X – – X – – – –

TERMINAL FLOWERING1 (TFL1/CENL1) FI X X X X X – X X

VERNALIZATION INSENSITIVE 3 (VIN3) VRNi X X – X – – – –

VERNALIZATION INSENSITIVE 1/2 (VIN1/2) VRN X X – – – – – –

Other chromatin modifiers VRN X – – X X – – X

Circadian regulators PP X X X X X – X X
aRR, denotes proven regulatory roles
bI, indicates if the gene induces flowering and/or dormancy
cR, if gene represses flowering and/or dormancy
dAE, indicates if environmental signals that regulate flowering and/or dormancy cause alter

expression of the genes
eFloral meristem identity gene
fPhotoperiod pathway gene
gFloral integrator gene
hFloral repressor
iVernalization pathway gene
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Evidence presented in this review suggests that PHYA may play a role in

seasonal growth cessation and endodormancy induction through regulation of FT
and CENL1. However, release from endodormancy by extended cold temperatures

likely does not involve these genes, at least in perennials such as leafy spurge,

where FT- and CENL1-LIKE genes are not up-regulated following endodormancy

release (Horvath et al. 2008). Likewise, PHYA signaling is unlikely in endodormant

buds from most temperate perennials since leaves (the primary photoreceptor

organs) are not present during the transition from endodormancy to ecodormancy.

Observing the impact of FT- and CENL1-LIKE gene expression in buds of per-

ennials to determine if FT and CENL1 expression is sufficient for endodormancy

release across multiple species should help to clarify their functional role in

endodormancy maintenance. However, since some DAM genes are preferentially

expressed only during endodormancy (Horvath et al. 2008; Li et al. 2009; Yamane

et al. 2008), DAM could be part of a mechanism involved in controlling both

induction and release of endodormancy in perennials.

5.3.1 Hormones

Hormones such as abscisic acid (ABA), GA, cytokinin, auxin, and ethylene are

implicated in various aspects of growth cessation, bud set, and endodormancy in

both woody and herbaceous perennials (Allona et al. 2008; Chao et al. 2006, 2007;

Horvath et al. 2003, 2008; Horvath 2009; Olsen 2006; Rodrı́guez-Falcón et al.

2006; Rohde and Bhalerao 2007). Since photoperiod impacts endodormancy induc-

tion and affects circadian responses, it is likely that circadian responses could

impact hormone levels affecting dormancy and vice versa (Alabadi and Blázquez

2009; Covington and Harmer 2007; Nozue and Maloof 2006; Robertson et al.

2008). In addition, cold night temperatures combined with inhibition of GA accu-

mulation are sufficient for inducing ecodormancy and bud set in PHYA overexpres-

sing poplar lines (Mølmann et al. 2005), and cold temperature also blocks growth

through the action of hormones, such as ABA and GA (see Figs. 5.1 and 5.3). There

is evidence that ABA levels as well as oxidative stress may play some role in

endodormancy release in perennials (Arora et al. 2003; Destefano-Beltrán et al.

2006; Or 2009). Additionally, auxin responses are impacted by conditions that

induce endodormancy (Anderson et al. 2005; Horvath et al. 2008; Schrader et al.

2004), and a node that links the clock and auxin networks has recently been

identified (Rawat et al. 2009). For many years, auxin was considered the primary

hormone regulating the transition from paradormancy to growth (Beveridge 2006).

However, the lack of apically derived auxin transport into buds, and the contradic-

tory role of auxin requirements for bud growth pose unanswered questions as to the

mechanisms by which auxin controlled bud outgrowth. Cytokinins have been noted

for promotion of cell division and organ formation that are invoked as key regu-

latory signals promoting axillary bud outgrowth when the apical meristem is

removed, and auxin is known to negatively regulate cytokinin biosynthesis in
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Arabidopsis (Nordstrom et al. 2004). A strigolactone, whose production appears to

be dependent on polar auxin transport in annuals, has also been implicated in

inhibiting shoot branching (Gomez-Roldan et al. 2008) and appears to directly

impact bud growth (see Fig. 5.1). It will be interesting to determine if this new

hormone plays any role in transitions between paradormancy and endodormancy in

perennials.

Data obtained from poplar, leafy spurge, and potato provides evidence that a

transient spike in ethylene (or ethylene perception) precedes, and is necessary for,

the initiation of endodormancy (Horvath et al. 2008; Ruttink et al. 2007; Suttle

1998). Research done on ABA accumulation in Citrus suggests that ethylene may

directly induce the key ABA biosynthetic gene 9-CIS-EPOXYCAROTENOID
DIOXYGENASE (NCED1) (Rodrigo and Alquezar 2006). In turn, catabolism of

ABA during dormancy release in potato may, in part, be correlated to decreased

levels of NCED (Destefano-Beltrán et al. 2006). In leafy spurge, ABA levels were

elevated during endodormancy but dropped following the transition to ecodor-

mancy (Horvath et al. 2008). At least ten other genes associated with ethylene

production or ethylene responses were highly expressed during paradormancy, but

were repressed later during endo- and eco-dormancy (Horvath et al. 2008).

5.3.2 Sugar

Sugar levels have been correlated with the transition of vegetative buds from para-

dormancy to endodormancy (Anderson et al. 2005; Arora et al. 2003; Chao et al.

2006). The effect of sugars on regulating well-defined phases of vegetative bud

dormancy has been investigated using the model perennial weed, leafy spurge.

Sugars from leaves of leafy spurge have been linked to suppression of underground

adventitious bud growth during paradormancy (Horvath 1999), and further research

has shown that glucose or sucrose can inhibit root bud growth in a mechanism

reversed by GA (Chao et al. 2006; Horvath et al. 2002). In addition, sugar signaling

is suspected to play an important role in maintaining paradormancy by affecting cell

cycle progression at the G1/S phase (Horvath et al. 2002). Shoot removal causes a

rapid degradation of starch and a decline in sucrose, concurrent with the transition

from paradormancy to active shoot growth (Chao et al. 2006; Horvath et al. 2002). In

contrast, during autumn senescence, conversion of starch to sucrose occurs in leafy

spurge underground adventitious buds, which is also paralleled by a transition from

paradormancy to endodormancy (Anderson et al. 2005). In parallel with these

transitions, transcript levels of a leafy spurge starch degrading enzyme, b-amylase,

were 1,000-fold higher in endodormant buds and 16,000-fold higher in ecodormant

buds than that of paradormant buds (Chao and Serpe 2009). Genes involved in starch

degradation were also up-regulated in the cambial meristems of poplar during

endodormancy (Schrader et al. 2004). Based on these and other findings, it is

proposed that both sugars and their metabolism may play a role in regulating

vegetative bud dormancy through cross talk with hormones (Fig. 5.1) (Anderson
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et al. 2001, 2005; Horvath et al. 2003). Specifically, it has been suggested that sugars

are antagonistic to GA perception and likely play a role in signaling pathways

required for inducing endo- and eco-dormancy (Chao et al. 2007).

5.4 Conclusions

Vegetative buds have an essential role in the perennial life cycle, and also serve as a

mechanism for plant survival after periods of harsh environmental stress. Evolution

of this process allowed plants to adapt to seasonal changes in environment and to

expand across vast areas of land in temperate regions of the world; an adaptation

that could be adversely challenged by global warming. The ability of meristematic

cells within these buds to enter and exit well-defined phases of dormancy in

response to environmental signals ensures appropriate timing of both vegetative

growth and flowering. Consequently, meristematic cells of perennial buds are

governed by specific internal signal transduction pathways that respond in concert

to external environmental cues. Advances in our understanding of these processes

now suggests that photoperiod and temperature signal transduction pathways

affecting dormancy likely converge and/or share components with signaling path-

ways regulating flowering, including similar transcription factors, chromatin remodel-

ing genes, and biochemical signals and receptors.

It is not surprising that many of the genes involved in circadian response path-

ways have been linked to dormancy transitions, since buds of several woody and

herbaceous perennial species use seasonal changes in photoperiod as a reliable

signal for regulating endodormancy induction. Additional studies are still needed to

identify what, if any, role circadian regulated genes play in dormancy transitions,

and to understand why some circadian-regulating genes are up-regulated or consti-

tutively expressed during cold periods associated with endo- and eco-dormancy

(Horvath et al. 2008; Ramos et al. 2005). Clock regulators must undergo temporal

synchronization to impact responses that allow plant buds to adjust to seasonal

changes. As a consequence, understanding how photoperiod and temperature mod-

ify expression of specific clock genes could provide insight into the mechanisms

through which these environmental factors regulate dormancy and survival.

Duplication of DAM genes may have led to specialization of these genes for

unique roles in the regulation of dormancy and flowering. Nearly all of the genes

mentioned in this review are members of gene families. Understanding the evolu-

tion of these gene families and the specific factors controlling both their regulation

and function is needed to determine what role, if any, individual members have in

dormancy regulation. Comparative transcriptomics indicates that numerous genes

involved in multiple physiological, developmental, and biochemical responses

show conserved patterns of expression during endodormancy transitions and during

floral transitions. However, additional research is needed to determine the specific

functions and interactions that these multiple signaling and molecular pathways
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have on transitions in well-defined phases of bud dormancy in woody and herba-

ceous perennial plants.
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Chapter 6

LEA Proteins: Versatility of Form and Function

Alan Tunnacliffe, Dirk K. Hincha, Olivier Leprince, and David Macherel

Abstract LEA proteins represent one of the functional elements thought to be

important in maintaining viability of organisms and biological structures in the

ametabolic dry state. They are found in plant tissues, seeds and pollen, anhydrobio-

tic invertebrates and some desiccation-tolerant micro-organisms. Recent findings

suggest that LEA proteins play various, possibly multiple, roles in the drying cell:

they are implicated in the homeostasis of proteins and nucleic acids, in stabilizing

cell membranes, in redox balancing and in the formation and stability of the glassy

state. This striking versatility might derive from the largely unstructured nature of

LEA proteins in solution and the associated structural and functional plasticity.

6.1 Introduction

6.1.1 Anhydrobiosis and Desiccation Tolerance

Certain plants, animals and micro-organisms are able to dry out completely and yet

remain viable, a phenomenon known as anhydrobiosis (“life without water”) or

desiccation tolerance (Fig. 6.1). Examples of anhydrobiotic organisms include

microorganisms such as bakers’ yeast; tardigrades, bdelloid rotifers and some

nematodes among the invertebrates; and the resurrection plants – the latter so-

called because they are apparently dead in the dry state, where water contents can
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be <10% of normal, but resume life processes on rehydration. Indeed, most plant

seeds are desiccation tolerant, as are other propagules such as pollen (Hoekstra et al.

2001; Clegg 2001; Alpert 2006).

Given that water is essential for life, it is remarkable that biological mechanisms

have evolved allowing essentially complete desiccation without loss of viability:

although dried anhydrobiotic organisms are in a state of suspended animation, they

are fully metabolically active after rehydration. Even more striking, in the dry state,

desiccation tolerant organisms are highly resistant to environmental stress, surviving

extremes of temperature and pressure, for example. Moreover, these organisms are

able to remain in the anhydrobiotic state for long periods: invertebrates have been

revivified successfully after decades of inactivity (Guidetti and Jönsson 2002), and

lotus and date palm seeds have germinated after 1,300 and 2,000 years, respectively

(Shen-Miller et al. 1995; Sallon et al. 2008). This contrasts dramatically with

desiccation-sensitive cell types and organisms which suffer damage to all main cell

components on drying: proteins lose their correct conformation and can form toxic

aggregates; membranes undergo phase transitions causing leakiness and fusion;

RNA is likely to experience structural rearrangements, and RNA, DNA and chroma-

tin stability will be compromised (Leprince et al. 1995; Kanias and Acker 2006).

6.1.2 Mechanisms of Desiccation Tolerance

Survival of desiccation and the dry state is one of the most intriguing phenomena in

nature and is becoming increasingly well understood. The non-reducing disacchar-

ides, trehalose (animals, fungi) and sucrose (plants), which accumulate in diverse

anhydrobiotic organisms, are thought to be involved and have been shown to

function as both water replacement molecules and vitrification agents (Crowe

et al. 1998; Cacela and Hincha 2006). Intracellular glasses, which confer long-

term stability in the dry state, are more complex systems than those of simple sugar

glasses, however, and have quite different properties (Buitink and Leprince 2004).

Nevertheless, non-reducing disaccharides are not an absolute requirement for

anhydrobiosis, being absent from bdelloid rotifers (Lapinski and Tunnacliffe

2003; Caprioli et al. 2004; McGee 2006) and some tardigrades (Hengherr et al.

2008), and not essential in bakers’ yeast (Ratnakumar and Tunnacliffe 2006). Other

Fig. 6.1 The bdelloid rotifer, Philodina roseola, recovering from desiccation after immersion in

water. Images at 5–10 min intervals. The foot appears in the third frame, and the animal uncurls

fully in the final frame with a head-to-toe length of �250 mm
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molecules are likely to contribute significantly to desiccation tolerance, therefore,

and gene discovery programmes to determine key adaptations in desiccation toler-

ance are well advanced in a number of organisms, where the “anhydrobiotic gene

set” is becoming more clearly defined.

Perhaps the main feature distinguishing naturally anhydrobiotic organisms is

that they produce many examples of highly hydrophilic proteins (a subset of which

have been called “hydrophilins”; Garay-Arroyo et al. 2000; Battaglia et al. 2008)

in preparation for severe dehydration. This has been observed in resurrection plants

(Ramanjulu and Bartels 2002), in seeds (e.g. Boudet et al. 2006), in anhydrobiotic

nematodes (Solomon et al. 2000; Browne et al. 2002; Goyal et al. 2003; Tyson et al.

2007), in bdelloid rotifers (Pouchkina-Stantcheva et al. 2007), in brine shrimp

cysts (Hand et al. 2006; Menze et al. 2009; see Chap. 10) and in micro-organisms

(Garay-Arroyo et al. 2000; Battista et al. 2001; Dure 2001). The best characterized

of these are the LEA (late embryogenesis abundant) proteins, originally described

in plant seeds, but now known to occur in invertebrates and micro-organisms also

(see several recent reviews: Rorat 2006; Tunnacliffe and Wise 2007; Battaglia et al.

2008; Shih et al. 2008). For many years it has been known that LEA proteins

accumulate in maturing plant seeds as they acquire desiccation tolerance; their

discovery in invertebrates suggests that similar mechanisms govern anhydrobiosis

in both animals and plants.

6.1.3 Unstructured, Highly Hydrophilic Proteins

Several nomenclature systems for LEA proteins have been suggested since they

were originally described in cotton seeds (Dure et al. 1981; Table 6.1). Most LEA

proteins are highly hydrophilic and rather small, but there are exceptions in both

properties. In the model plant Arabidopsis thaliana, nine different groups have

recently been proposed based on amino acid sequence analysis (Hundertmark and

Hincha 2008; Bies-Ethève et al. 2008). [See also the reviews cited above for a

discussion of nomenclature.] The largest of these groups is group 3 (Pfam LEA_4),

which is also the main group of LEA proteins found in non-plant organisms,

suggesting that the other groups have arisen later in evolution: for example,

group 1 proteins are prevalent in plants, but rare in metazoa (Sharon et al. 2009).

Another group of LEA proteins that has been studied extensively in recent years is

group 2; these LEA proteins are also frequently referred to as dehydrins (Pfam

dehydrin) and might function as phosphorylated forms (Rohrig et al. 2006, 2008).

LEA proteins seem to be distributed in several cell compartments in plants (see

Table 4 in Tunnacliffe and Wise 2007) and probably also in animals (Menze et al.

2009). Of the many different LEA proteins identified in plants (51 in Arabidopsis;
Hundertmark and Hincha 2008; Bies-Ethève et al. 2008), however, only a small

minority has been functionally and structurally characterized to date.

Probably because of their highly hydrophilic nature, most LEA proteins and

other hydrophilins are predicted to be largely unstructured in the hydrated state and
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are thus part of the large set of natively unfolded proteins which form a substantial

proportion of proteomes: 11% of proteins in the SwissProt database and 6–17% of

various proteomes are fully disordered; 35–51% of eukaryotic proteins have at least

one long (>50 residues) unstructured region (citations in Uversky et al. 2000;

Tompa 2002; Tompa et al. 2005). Most unfolded proteins become more structured

on binding partner molecules, but such molecular partners have not been described

for those involved in desiccation tolerance, so at least some might instead function

in the unstructured state.

Alternatively, LEA proteins might adopt a defined structure under those condi-

tions where they are supposed to function, i.e. during partial or complete dehydra-

tion brought about by freezing and/or drying. There are several examples in the

literature now of both animal and plant LEA proteins that are unstructured in dilute

Table 6.1 PFAM families (http://pfam.sanger.ac.uk/ (April 09)), sequence number and species

distribution

PFAM (seq. nr) Historical

names

Species

distribution

A. t.

nr

Main reported features

LEA_5 (81) Group 1a

D-19b
78 Plant

2 Metazoa

1 Bacteria

2 Hydrophilic 20-residue motif – Mainly

IDPs – Stabilization of

macromolecules

Dehydrin

(481)

Group 2

D-11

114 Plant 10 Mainly IDPs – Several distinctive

sequence motifs (K, Y, S segments) –

Stabilization of macromolecules –

Binding to membranes – Chaperone

activity – Metal binding – Antioxidant

– DNA/RNA binding

LEA_4 (176) Group 3

Group 5

D-7

D-29

124 Plant

20 Metazoa

3 Fungi

28 Bacteria

1 Archaea

18 The most widespread group – Repeat

motives – Mainly IDPs – Transition to

amphipathic a-helix during

desiccation – Stabilization of

macromolecules and membranes – Ion

binding

LEA_1 (106) Group 4

D-113

22 Plant 3 Highly hydrophilic proteins – Predicted to

be IDPs – Largely uncharacterized

LEA_2 (128) Lea14

D-95

82 Plant

20 Bacteria

3 Predicted not to be IDPs – 3D structure

from NMR available for At1g01470 –

No functional information available

LEA_3 (69) Lea5

D-73

27 Plant 4 Mostly predicted not to be IDPs –

Structural information available for

one Lea5 protein suggests

unstructured, howeverc

SMP (103) Group 6

D-34

102 Plant

1 Fungi

6 Least hydrophilic group of LEA proteins

– Mostly predicted not to be IDPs –

Largely uncharacterized

A. t. nr refers to the number of corresponding sequences in the genome of Arabidopsis thaliana
(Hundertmark and Hincha 2008), IDP intrinsically disordered protein
aAccording to Dure et al. (1989) and Bray (1993)
bAccording to Dure (1993a)
c Haaning et al. 2008
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solution but fold into mainly alpha-helical structures in the dry state (see Hundertmark

and Hincha 2008 for references). While this could be of functional relevance for

LEA proteins in anhydrobiotic organisms, the relevance during partial water loss

caused by freezing or mild dehydration is doubtful. Many LEA proteins that are

accumulated in the vegetative organs of higher plants under mild stress conditions

must function in partially dehydrated systems if they are behaving as effective

protectants under physiologically relevant conditions. For three such proteins, the

cold induced Arabidopsis dehydrins COR47, LTI29 and LTI30, it has recently been
shown that simulated osmotic stress or molecular crowding did not induce appre-

ciable folding in vitro (Mouillon et al. 2008). The authors suggested that therefore

dehydrins probably function as unstructured proteins. However, a combination of

the effects of dehydration and the presence of as yet unidentified target molecules

on LEA protein structure cannot be excluded on the basis of our present knowledge.

In addition, the low temperatures associated with freezing stress could influence the

structure of LEA proteins involved in plant freezing tolerance. An increase in

alpha-helicity with decreasing temperature has, for example, been shown for type

I fish anti-freeze proteins (Haymet et al. 1999, 2001).

Expression of LEA proteins has been associated with tolerance to water stress

caused by desiccation, salt or low temperature in many studies (Cuming 1999;

Tunnacliffe and Wise 2007). Furthermore, reduction of expression of LEA protein

genes by RNA interference in nematodes (Gal et al. 2004), or by mutation in

bacteria (Battista et al. 2001), has been shown to decrease desiccation tolerance.

Therefore, it seems likely that hydrophilic proteins play an important role in

anhydrobiosis and other forms of water stress.

6.2 LEA Protein Function

6.2.1 Protein Protection

Until recently, the precise molecular function of LEA proteins and other hydro-

philins has been unclear, although they have been suggested to act as protein

stabilizers, hydration buffers, membrane protectants, antioxidants, organic glass

formers and ion sinks/chelators (Tunnacliffe and Wise 2007). Evidence is accumu-

lating to support some of these roles, particularly that of protein stabilization, since

LEA proteins and other hydrophilins can preserve enzyme activity in vitro after

desiccation or freezing (Sanchez-Ballesta et al. 2004; Goyal et al. 2005; Grelet et al.

2005; Reyes et al., 2005, 2008; Haaning et al. 2008; Nakayama et al. 2008). One

mechanism for the protection observed is the prevention of water stress-induced

aggregation of sensitive proteins (Goyal et al. 2005; Chakrabortee et al. 2007;

Kovacs et al. 2008; Nakayama et al. 2008).

Many proteins, including the enzymes citrate synthase (CS) and lactate dehy-

drogenase (LDH), form insoluble aggregates when dried or frozen, but aggregation

is markedly reduced in the presence of LEA proteins from any of the three major
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groups (Goyal et al. 2005; Pouchkina-Stantcheva et al. 2007; Kovacs et al. 2008;

Nakayama et al. 2008). Group 2 proteins, at least, also prevent protein aggregation

on heat stress (Kovacs et al. 2008). This protein anti-aggregation activity can also

extend to the protection of complex mixtures of proteins, such as the water-soluble

proteomes of human and nematode cells (Chakrabortee et al. 2007). Probably due to

their hydrophilic, unstructured nature, LEA proteins themselves are not susceptible

to aggregation on desiccation, freezing or even boiling.

If LEA proteins have a physiological role in protecting a wide range of proteins

against aggregation, this should be demonstrable in living cells. Accordingly, a

group 3 LEA protein from the nematode A. avenae, when introduced into mamma-

lian cells expressing aggregation-prone proteins containing long polyglutamine

(polyQ) or polyalanine (polyA) sequences, is able to reduce aggregate formation

in vivo (Fig. 6.2; Chakrabortee et al. 2007). The polyQ or polyA expansion proteins

are associated with a number of human neurodegenerative diseases including

Huntington’s disease and oculopharyngeal muscular dystrophy. Such an experi-

mental system makes it possible to circumvent the technical difficulties involved in

establishing an aggregation assay in dried cells. It also demonstrates anti-aggregation

activity in the hydrated state, suggesting that extreme water loss is not required

before LEA proteins exhibit their protein protection function. In turn, this suggests

that LEA proteins can carry out this function in a disordered configuration, unless

association with “client” proteins induces some folding.

The anti-aggregation activity of LEA proteins is reminiscent of that of molecular

chaperones, whose function in the cell is to facilitate the correct folding and

assembly of proteins and protein complexes. The “classical” molecular chaperones,

such as the Hsp70 family and the Hsp60 chaperonin complexes, are commonly

perceived as “heat shock proteins” (Hsps), being upregulated by heat stress,

although they also play a vital role in folding nascent proteins under non-stress

conditions (Ellis and Hartl 2003). Their function as stress combatants is to potenti-

ate refolding of polypeptide structures which have become partially denatured.

Besides such “folding” chaperones, both the eukaryotic and prokaryotic cytoplasm

also contain “holding” and “disaggregating” chaperones. Holding chaperones

include small Hsps, some of which form large multimeric “windowed” complexes

capable of passively stabilizing protein species in a partially unfolded state, pre-

venting aggregation until stress has abated and refolding, by Hsp70 and Hsp60

teams or spontaneously, becomes possible (e.g. Haslbeck et al. 1999). Disaggregat-

ing chaperones include the Hsp100 family which are thought to disentangle protein

aggregates, which then serve as clients for folding chaperones (Ben-Zvi and

Goloubinoff 2001).

LEA proteins show properties similar to those of the holding chaperones, includ-

ing their ability to function in the absence of ATP hydrolysis, unlike the folding

chaperones which generally require ATP. However, LEA proteins have been distin-

guished from holding chaperones due both to their lack of structure and their

relatively poor ability to prevent heat-induced protein aggregation (Goyal et al.

2005; see, however, Kovacs et al. 2008 for a recent example of plant LEA proteins

that function during heat stress). Another point of difference is that molecular
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chaperones form transient complexes with their client proteins, often through

interaction of hydrophobic surfaces; such specific interactions are thought to be

unlikely with unstructured LEA proteins, particularly since they are highly hydro-

philic in nature, but no unequivocal experimental evidence for or against such

a

b

Fig. 6.2 Nematode LEA protein AavLEA1 reduces aggregation of EGFP-HDQ74, a GFP-tagged

polyQ expansion protein derived from huntingtin, in human cells stably transfected with an

inducible form of the LEA protein gene. (a) Percentage of cells showing aggregation of EFGP-

HDQ74 where expression of LEA protein is either induced or not: significantly different at

p < 0.005 by odds ratio analysis; (b) confocal images of the same human cells showing LEA

protein (immunostained red), EFGP-HDQ74 (green) and nuclear DNA (DAPI-stained blue). LEA
protein expression was induced 24 h after transient transfection of EFGP-HDQ74; only cells

clearly expressing both EFGP-HDQ74 and LEA protein were counted. EFGP-HDQ74 aggregates

are indicated by arrows in the right-hand composite panels
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interactions has been published to date. Finally, LEA protein genes are not usually

upregulated by heat stress (Browne et al. 2004; Hundertmark and Hincha 2008),

unlike many of the classical molecular chaperones.

The reality of LEA protein activity might well be simpler than that of molecular

chaperones: as entropic chains, LEA proteins will exert an excluded volume effect

which, in the increasingly crowded environment of the dehydrating cytoplasm,

could serve to decrease interaction between partially denatured polypeptides with

the potential to aggregate. This has been called “molecular shield” activity (Wise

and Tunnacliffe 2004; Goyal et al. 2005). An analogous effect is well known to

physical chemists interested in polymer stabilization of colloidal dispersions (i.e.

“depletion stabilization”; Napper 1983). Molecular shield function is also similar to

that of the entropic bristles of MAP2, tau and neurofilament side arms (Mukhopadhyay

et al. 2004), which act as spacers of cytoskeletal filaments, except that shield

proteins are not necessarily tethered to a surface. Association of molecular shields

with the surface of other proteins is also a possibility, however, and would lead to a

steric or electrosteric stabilization effect, again familiar to colloid scientists. Finally,

shield proteins might have a broader space-filling role and help to prevent collapse

of the cell as its water is lost.

Interestingly, such ideas hark back to early work on molecular chaperone

function, before current models became prevalent, when it was proposed that

chaperones reduced the rate of interaction of aggregation-prone protein species

(Minton et al. 1982). Indeed, the distinction between molecular shield and molecu-

lar chaperone is becoming somewhat blurred, particularly after recent contributions

from Peter Tompa’s laboratory. Thus, like molecular chaperones, two group 2 LEA

proteins (dehydrins) are able to reduce heat-induced aggregation of CS and lucifer-

ase (Kovacs et al. 2008). In addition, it seems that some protein and RNA chaper-

ones require unstructured domains for optimum function (Tompa and Csermely

2004). It is argued by these authors that at least a component of chaperone function

could be driven by entropy transfer mechanisms: unstructured chaperone regions

might interact with inappropriately folded domains of client proteins leading to

increased folding of the chaperone together with partial unfolding of the client,

allowing the client to overcome the energy barrier to correct folding. LEA proteins

could also behave in this way, and this might be their predominant mode of action,

since they lack defined secondary structure. However, an entropic space filling

function is also an important component of the Tompa/Csermely model, as it is in

the molecular shield model. An attractive hypothesis which is supported by the

current experimental evidence is that protein anti-aggregation activity comprises

several sub-activities – neutralization of exposed (“sticky”) hydrophobic surfaces

by specific interaction, potential refolding of client proteins driven by entropy

transfer or ATP hydrolysis (or both), electrosteric or depletion stabilization of

crowded colloidal suspensions, and volume exclusion – which are manifested to

different degrees in different protectant proteins. The latter two functions might be

particularly important under conditions of water stress where water activity in the

cell is markedly reduced, with concomitant danger of collapse of cell structure. In

the context of desiccation or freeze tolerance, these activities are expected to serve

98 A. Tunnacliffe et al.



as damage avoidance or limitation mechanisms and it is anticipated that conven-

tional folding and disaggregating chaperones, together with the various protease

and autophagy systems, will be involved in repairing or removing damaged proteins

once the water stress has receded.

6.2.2 Membrane Protection

Membrane protection is essential to preserve cellular and organellar integrity

during desiccation in anhydrobiotes. Because of their hydrophilic character, LEA

proteins are highly soluble polypeptides, which are therefore not expected a priori

to interact with cellular membranes. However, the molecular landscape within cells

is dramatically affected by dehydration, and rules which prevail under hydrated

conditions are challenged in the drying environment. This is nicely illustrated by

the example of protective sugars, which in spite of their hydrophilic character

contribute to membrane protection by preserving the fluidity of membranes in the

dry state (Hoekstra et al. 2001). The sugar molecules provide a network of H-bonds

with the polar head-groups of phospholipids that maintain spacing and thus molec-

ular order of the membrane, preventing transition to a deleterious gel phase. In spite

of being macromolecules with associated structural constraints, it is conceivable

that some LEA proteins might play a similar role, or perhaps contribute with sugars

to H-bond networking. Although this remains to be demonstrated, it has previously

been suggested that an LEA protein from pollen contributes to a tight H-bonding

network in the dehydrated cytoplasm (Wolkers et al. 2001).

In a dehydrating cell, LEA proteins may also be driven to interact more deeply

with membranes and possibly provide protection in the dry state. Since LEA

proteins are generally devoid of sequences with transmembrane segment properties,

it is unlikely a typical LEA polypeptide could integrate into a membrane as an

intrinsic protein. LEA proteins were recognized early on for their propensity to

form amphipathic alpha-helices (Dure 1993b). Therefore, it cannot be excluded that

some LEA proteins form inter- or intra-molecular helix bundles within membranes.

Nevertheless, such an insertion, which would have to occur at low hydration, is a

challenging idea since such a process is highly regulated during normal membrane

protein biogenesis (von Heijne 2006).

Among LEA proteins, plant-specific dehydrins have been localized in the

vicinity of membranes (Danyluk et al. 1998; Egerton-Warburton et al. 1997), and

it has been suggested that the K-segment, a 15-mer Lys-rich sequence which is a

signature of dehydrins, might be involved in membrane binding (Close 1996). The

K-segment is predicted to form an amphipathic class A helix, a motif which is

involved in apolipoprotein binding to low density lipoprotein vesicles (Segrest et al.

1994). Indeed, DHN1, a maize dehydrin, was shown to bind liposomes containing

anionic phospholipids, and the binding stimulated an increase in helicity, which led

to the hypothesis of a membrane-stabilizing function (Koag et al. 2003). Since all

dehydrins share one or more K segments, this interesting hypothesis could have
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wide significance. Two other Arabidopsis dehydrins (ERD10 and ERD14) were

also shown to bind anionic phospholipid vesicles, without inducing modifications in

the fluidity of membranes in the fully hydrated state, suggesting binding through

peripheral electrostatic interactions (Kovacs et al. 2008).

Functional studies of a group 3 LEA protein (LEAM) found in pea seed

mitochondria revealed another mechanism by which an LEA protein could interact

with a membrane and afford protection in the dry state (Tolleter et al. 2007). LEAM

is an intrinsically unstructured polypeptide located in the matrix space of mitochon-

dria but is able to fold into amphipathic alpha-helices during drying. Protein

structure modelling revealed a peculiar arrangement of the residues of the class A

helix motif. Thus, at low hydration, the LEAM is proposed to insert into the inner

leaflet of the mitochondrial membrane, parallel to the plane, exposing the hydro-

phobic face of the helix to the core of the membrane and being stabilized by

electrostatic interactions between the charged residues of the protein and of the

polar moiety of phospholipids (Fig. 6.3).

The occurrence of interactions between LEAM and phospholipids in the dry

state was confirmed by differential scanning calorimetry, and the protective effect

of LEAM was demonstrated using a liposome desiccation assay (Tolleter et al.

2007). With such a fully reversible membrane-association mechanism, LEAM

could provide protection to the membrane in the dry state, without hampering its

primary energy-transducing function in the hydrated state. Since class A motifs are

prominent in several LEA proteins from different origins, such a membrane protec-

tion role might be common in exemplars other than LEAM. For example, interac-

tions of invertebrate LEA proteins with phospholipid membranes in the dry state

were also demonstrated using Fourier-transform infrared (FTIR) spectroscopy

Fig. 6.3 Model of a group 3

LEA protein peptide

embedded in a phospholipid

membrane. An alpha-helical

29-residue peptide

(DAKERTKEAANRAA-

ENADSAGVKSRDYAY)

from pea seed mitochondrial

protein LEAM embedded in a

bilayer of DOPC (di-oleoyl

phosphatidylcholine). The

negatively charged Asp and

Glu residues form a crest

(blue) on the top of the helix,

while positively charged

residues Arg and Lys (red)
stabilize the structure by

interacting with the phosphate

in the head-group of DOPC
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(Pouchkina-Stantcheva et al. 2007). In addition, a cold-responsive chloroplast

LEA-like protein (COR15am) from Arabidopsis was shown to increase freezing

tolerance by preventing the appearance of interbilayer hexagonal II phase at low

temperature (Artus et al. 1996; Steponkus et al. 1998). This effect was likely

mediated by modification of the intrinsic curvature of the chloroplast inner enve-

lope membrane by the amphipathic LEA-like protein.

In conclusion, although their biophysical features, namely their lack of structure

and hydrophilicity, suggest LEA proteins should act in the soluble compartments of

cells, membranes might be very important targets for these unusual proteins. It is

anticipated that on folding during desiccation, or perhaps freezing, specific LEA

proteins could indeed be targeted to membranes and contributed to their protection.

Maintaining the integrity of cellular membranes during acute stress is certainly a

major issue, for which LEA proteins might be essential actors.

6.2.3 The Glassy State

In anhydrobiotes, drying induces a supersaturation of cytosolic components and

reduces molecular mobility by over five orders of magnitude. Eventually, at around

10% moisture (on a dry weight basis), the cytoplasm vitrifies and enters into the so-

called glassy state (references in Buitink and Leprince 2004). Although glass

formation is not a mechanism that initially confers anhydrobiosis, the formation

of intracellular glasses is indispensable for survival of the dry state, at least in plant

propagules. There is now mounting evidence that LEA proteins which accumulate

to high levels (typically 2–4% of the water soluble proteome; Roberts et al. 1993)

increase the density of the sugar glasses. Table 6.2 shows data for three distinct

LEA proteins: D7, a group 3 (Pfam LEA_4) protein from Typha latifolia pollen

(Wolkers et al. 2001); PM16, a group 4 (Pfam LEA_1) protein from Glycine max
seeds (Shih et al. 2004); and PM25, a group 5 (Pfam SMP) protein found in

Medicago truncatula seeds (Boudet et al. 2006). The presence of LEA proteins

increases the glass transition temperature (Tg) of a glassy matrix made of sucrose

and strengthens the H-bonding network, assessed by the wavenumber–temperature

Table 6.2 Glass transition temperature (Tg) and Wavenumber–Temperature Coefficient (WTC)

of glassy matrices formed with sucrose and LEA proteins D7, PM16 or PM25 (mass ratio 1:1)

Glass characteristics Sucrose

Alone þ D7 þ PM25 þ PM16

Tg (�C) 65.5 79.0 80.2 100.8

WTC ([cm�1]/�C) 0.235 0.135 0.094 0.07

The sugar/protein glasses were formed by rapidly drying 10 ml droplets under an airflow of 3% RH.

Values were determined by Fourier-transform infrared (FTIR) spectroscopy from the relationship

between the wavenumber of the OH stretching vibration and the heating temperature. This

vibration reveals information about the strength and length of hydrogen bonding within the

glass. Data for D7 were obtained from Wolkers et al. (2001) and for PM16 from Shih et al. (2004)
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coefficient (WTC) determined in FTIR experiments (Table 6.2), thereby increasing

the density of the sugar glass. Similar observations were made with a range of plant

seeds and pollens: biological glasses in those anhydrobiotes also show a denser

H-bonding network than sugar glasses (Buitink and Leprince 2004). The advantage

of a denser glass could be to improve stability in the dry state and to increase

capacity to preserve macromolecules by direct interactions between molecules.

Proteins themselves also vitrify during desiccation; thus, PM25 was found to

form a glass at ambient temperature upon drying (Tg at 3% relative humidity

(RH) is around 60�C; Boudet, Hoekstra, Leprince, unpublished data). Thus, the

presence of LEA proteins might aid the formation of an amorphous solid-like

matrix for those anhydrobiotes that do not accumulate non-reducing sugars. More

research is needed to confirm the importance of LEA proteins in biological glasses.

For example, the question as to whether LEA proteins have special properties with

regard to glass formation, and whether different LEA proteins have different

properties, as implied by the large difference in WTC found between the three

LEA proteins (Table 6.2), remains to be answered.

6.3 The Versatility of LEA Proteins

As more LEA proteins are studied in detail, a number of unusual examples are

coming to light. Thus, two group 3 (Pfam LEA_4) LEA proteins were described in

the bdelloid rotifer Adineta ricciae which were rather less hydrophilic than most,

having a grand average hydropathy (GRAVY; Consensus scale, Eisenberg 1984)

score of �0.46 (the average score for group 3 LEA proteins is �0.97; Wise 2003),

which is comparable to that of many “normal” globular proteins such as serum

albumin (�0.43). The first of these proteins, ArLEA1A, behaves like other group 3

LEA proteins: it is largely unstructured in solution, but gains structure on drying;

and it reduces aggregation of CS in in vitro desiccation assays. In marked contrast,

however, the second example, ArLEA1B, despite having a very similar sequence to

ArLEA1A, is structured in solution, being largely folded as alpha-helix, and has no

anti-aggregation activity; indeed, it itself aggregates on drying. However,

ArLEA1B shows a higher propensity to associate with phospholipid bilayers than

ArLEA1A (Pouchkina-Stantcheva et al. 2007). Therefore, the two bdelloid LEA

proteins display complementary characteristics of both structure and function.

Closely related pairs of LEA proteins are, in fact, a frequent occurrence. For

Arabidopsis it has been shown that 33% of all genes encoding LEA proteins form

tandem repeats in the genome, while 43% are part of homeologous pairs derived

from ancient genome duplications (Hundertmark and Hincha 2008). Many of these

gene pairs show diversification in their expression patterns, but studies investigat-

ing their functional diversification have so far not been published.

While some very similar LEA proteins show different properties, a recurring

theme in the field is that of a single LEA protein with more than one function. For

example, the chloroplast LEA-like protein, COR15am, protects both membranes
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and proteins (Lin and Thomashow 1992; Steponkus et al. 1998; Nakayama et al.

2008); the mitochondrial group 3 protein, LEAM, also exhibits the same two

functions (Grelet et al. 2005; Tolleter et al. 2007); and a group 2 LEA protein

from Citrus shows both ion binding (Hara et al. 2005) and antioxidant (Hara et al.

2004) properties, and most recently nucleic acid binding activity (Hara et al. 2009).

This versatility might be a general feature of LEA proteins. Performance of more

than one function, known as “moonlighting”, is not uncommon among proteins, and

it has been argued that moonlighting is more likely to evolve in unfolded, rather

than in conventional, folded proteins (Tompa et al. 2005).

If the functional properties of LEA proteins relate to their unstructured, hydro-

philic nature, we might expect proteins with related characteristics to perform

similarly. Indeed, examples are already known in the literature, such as those

formally characterized as hydrophilins (Reyes et al. 2005). Perhaps the best char-

acterized are the abscisic acid stress ripening (ASR) proteins: these are small plant-

specific proteins with a high degree of hydrophilicity and low degree of secondary

structure whose expression is induced by water stress (Carrari et al. 2004). A

chaperone-like activity reduces freeze- or heat-inactivation of several enzymes,

and aggregation due to heat stress is alleviated (Konrad and Bar-Zvi 2008).

Intriguingly, both desiccation and zinc ion binding can lead to increased structural

complexity, and this is associated with DNA binding (Kalifa et al. 2004; Goldgur

et al. 2007). Furthermore, overexpression studies in transgenic plants suggest a role

for ASR proteins in gene regulation (Frankel et al. 2007). Although ASR proteins

are reported only in plants, animals seem to have proteins which share some

properties with both LEA proteins and ASR proteins. An example is the nematode

protein, anhydrin, whose gene is induced by desiccation and osmotic stress, like

LEA protein genes (Browne et al. 2004). Anhydrin is small (10 kDa), highly basic,

with a pI of 10.6, and highly hydrophilic, with a GRAVY score of�1.56. It shows a

potent anti-aggregation activity in in vitro desiccation experiments with CS

(McGee 2006). When expressed in mammalian cells, it accumulates primarily in

the nucleus and can reduce formation of aggregates of a polyA protein with a

nuclear localisation (Chakrabortee et al. unpublished).

The new data from Hara et al. (2009), showing that a Citrus dehydrin binds to

both DNA and RNA in vitro in a sequence non-specific manner, lends support to the

idea of a role for LEA proteins in stabilizing nucleic acids and points out the fact

that it is unclear to what extent nucleic acids are specifically protected in desicca-

tion tolerant organisms. Cell DNA certainly becomes damaged after prolonged

storage in the dry state, probably as a result of exposure to reactive oxygen species

(Cheah and Osborne 1978; Potts 1994; Mattimore and Battista 1996). For example,

in lettuce seeds, loss of viability during storage is associated with an increased

frequency of surviving cells showing chromosome damage upon imbibition (Rao

et al. 1987). With regard to RNA, strand breaks are also to be expected, but the low

water activity associated with desiccation is likely to affect secondary structure, as

does temperature. Nevertheless, RNA chaperone function in the context of anhy-

drobiosis has not received attention previously. RNA chaperones are ubiquitous in

nature (Cristofari and Darlix 2002) and frequently contain disordered regions, more

6 LEA Proteins: Versatility of Form and Function 103



so than any other protein class (Tompa and Csermely 2004). Moreover, they are

also often small and highly basic, particularly where they interact with nucleic acids

(e.g. Ivanyi-Nagy et al. 2008). Some LEA proteins and other hydrophilic proteins,

including the ASR proteins and anhydrin, have similar characteristics and could

play a role in protection of the genome and transcriptome.

It therefore seems likely that a range of proteins will be uncovered in both plants

and non-plant organisms which complement the activities of LEA proteins and

share many of their characteristics. It should be emphasized in this context that the

term “late embryogenesis abundant”, i.e. LEA, is of a historical rather than system-

atic nature. A more systematic, structure- and function-based nomenclature will

require further progress in the characterization of those proteins now considered as

LEA proteins and their counterparts among the hydrophilins.

References

Alpert P (2006) Constraints of tolerance: why are desiccation-tolerant organisms so small or rare?

J Exp Biol 209:1575–1584

Artus NN, Uemura M, Steponkus PL, Gilmour SJ, Lin C, Thomashow MF (1996) Constitutive

expression of the cold-regulated Arabidopsis thaliana COR15a gene affects both chloroplast

and protoplast freezing tolerance. Proc Natl Acad Sci USA 93:13404–13409

Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Covarrubias AA (2008) The enigmatic

LEA proteins and other hydrophilins. Plant Physiol 148:6–24

Battista JR, Park MJ, McLemore AE (2001) Inactivation of two homologues of proteins presumed

to be involved in the desiccation tolerance of plants sensitizes Deinococcus radiodurans R1 to
desiccation. Cryobiology 43:133–139

Ben-Zvi AP, Goloubinoff P (2001) Review: mechanisms of disaggregation and refolding of stable

protein aggregates by molecular chaperones. J Struct Biol 135:84–93
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Chapter 7

A Role for Molecular Studies in Unveiling the

Pathways for Formation of Rotifer Resting

Eggs and Their Survival During Dormancy

Nadav Y. Denekamp, Koushirou Suga, Atsushi Hagiwara, Richard Reinhardt,

and Esther Lubzens

Abstract Rotifers are minute aquatic invertebrates inhabiting mainly continental

waters with environmental conditions restricting their long-term survival. Forma-

tion of dormant forms, diapausing embryos (resting eggs), is a strategy that facil-

itates their genetic pool survival beyond unfavorable environmental conditions.

Resting eggs are formed during the sexual reproductive cycle. Usually, rotifers

display cyclic parthenogenesis, with asexually reproducing females (known as

amictic females) forming diploid eggs (called amictic eggs) that are responsible

for fast population growth. Specific environmental cues known as mixis induce

sexual reproduction. Recent studies implicate crowding as the inducing signal for

onset of sexual reproduction in brachionid monogonont rotifers. Sexual reproduc-

tion starts with the commencement of meiosis leading to the formation of haploid

males and followed by the formation of diploid resting eggs. Rotifer resting eggs

differ structurally from asexual or amictic eggs and can remain dormant for

decades. Following hatching a new cycle of asexual reproduction ensues, leading

to population growth and colonization of the specific environmental niche. In some

cases, however, sexual reproduction may occur shortly after hatching. Very few

molecular studies were performed on monogonont rotifers so far and most were

limited to single gene studies. Large scale expressed sequence tags resources were

formed recently for the rotifer Brachionus plicatilis. They are providing important

platforms for molecular analyses on the events leading to the formation of males,

resting eggs and on dormancy in this species. Genes known to be associated with
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desiccation tolerance during dormancy in other organisms (e.g., yeast spores,

Artemia cysts, and seed plants) were also identified in resting eggs, even though

they do not necessarily fully desiccate during the dormant period. Future studies

should be directed to investigate the regulation of processes associated with the

entrance and exit from dormancy, in this important metazoan model.

7.1 Introduction

Rotifers are minute metazoans (�50–2,000 mm in length; �1,000 cells), and one of

the major groups of zooplankton inhabiting streams, rivers, lakes, and estuaries,

functioning as secondary producers in the aquatic ecosystem (Wallace 2002;

Wallace et al. 2006). Over 2,000 rotifer species are reported and most of them

inhabit freshwater. Taxonomically, phylum Rotifera is allied with other microin-

vertebrate groups in the superphylum of Gnathifera, a sister or basal group to the

Lophotrochozoa (Giribert et al. 2000; Mark Welch 2001; Segerss 2007). Rotifers

populate water bodies where environmental conditions restrict their long-term

survival, including temporary ponds that may evaporate, ponds or lakes with

unfavorable low or high temperatures, appearance and vanishing of suitable food,

and advent of predators. Consequently, rotifers appear and die out rapidly, with

large fluctuations in the live population, but the strategy of forming dormant resting

eggs facilitates the genetic pool survival beyond these unfavorable conditions in the

form of a genetic bank.

There are basically two main dormant forms displayed by rotifers: whole body

desiccation displayed by bdelloid rotifers and formation of long-term surviving

eggs resistant to adverse conditions. The term “dormant” or “dormancy” refers to a

temporary suspension of visible metabolic activity or arrested development and

encompasses the phenomena of diapause and quiescence, as suggested by Ricci

(2001). Bdelloid rotifers enter dormancy (or cryptobiosis; another term used in

connection with suspended metabolism; Clegg 2001) by desiccation, at any stage of

their life cycle; the ova, the embryo, juveniles, or adults. They will resume activity

after rehydration (Örstan 1998; Ricci 1998, 2001; Ricci and Caprioli 2005). This

spectacular phenomenon was already observed by Leeuwenhoek at the beginning

of the eighteenth century (reviewed in Tunnacliffe and Lapinski 2003). Monogo-

nont rotifers, however, may display dormancy at the asexual parthenogenic egg

stage or as an encysted diapausing embryo (resting egg), formed from fertilized

ova. Only three cases so far were reported for asexually diapausing eggs, including

the pseudosexual eggs of Keratella hienalis, Notholca squaumla, and Synchaeta
pectinata. It was proposed that these eggs are produced in species and strains that

do not reach sufficient population densities in their natural environment, as rela-

tively high population densities are needed to ensure successful encounters between

males and females during sexual reproduction and the formation of resting eggs. At

least 15 monogonont species (including Brachionus species, Epiphanes species,

Rhinoglena frontalis, Asplachna species, Notommata species, Trichocerca rattus,
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and one strain of Hexartha) are known to enter dormancy or diapause via the

production of fertilized resting eggs (Gilbert 2007a) and the dormant stage is an

encased embryo. Several organisms (Table 7.1) display dormancy at embryonic

developmental stages, where the embryo discontinues its development during the

dormant period. They resume development with the onset of external and/or

internal cues and exit from the dormant stage. The ecological significance of

dormancy in rotifers has been reviewed extensively in recent years (Ricci 2001;

Gilbert and Schröder 2004; Schröder 2005; Gilbert 2007a, b). The present review

aims at discussing how a rotifer resting egg is formed and highlights where

molecular tools and information from studies in other organisms can assist in filling

gaps in our knowledge by identifying pathways associated with sexual reproduction

and the long survival of resting eggs during dormancy. An emphasis is made on

resting-egg production of the Brachionus plicatilis complex species, as molecular

data bases have become available only for these resting-egg producing species and

they can serve for functional genomics studies in the near future.

Studies performed on natural populations from worldwide locations revealed

that B. plicatilis, originally considered as one species, represents a complex of

several cryptic species, as shown by molecular, behavioral, and physiological

studies. Early morphotypes distinguished as large (L) and small (S; Fukusho and

Iwamoto 1981) were later classified as B. plicatilis and Brachionus rotundiformis,
respectively (Segers 1995), based on morphological, physiological, and genetic

differences and additional SS morphotypes were added later (Fu et al. 1991a, b;

Rumengan et al. 1991; Hagiwara et al. 1995a; Ciros-Perez et al. 2001; Kotani et al.

2001). Phylogenic analyses based on sequence information from two genes, an

mtDNA gene cytochrome c oxidase I (COI) and a nuclear gene, ribosomal internal

transcribed spacer (ITS1), revealed nine concordant genetically divergent lineages

(Gómez 2005). Species identification of the B. plicatilis complex is still an ongoing

effort (Suatoni et al. 2006). The various populations or species respond differently

to external cues that lead to mixis and production of resting eggs. Morphological

differences between SS, S, and L type rotifers carrying parthenogenic eggs are

demonstrated in Fig. 7.1.

7.2 Switching from Asexual to Sexual Reproduction

and the Onset of Meiosis

7.2.1 The Rotifer Life Cycle

The production of resting eggs requires a switch from the asexual to sexual

reproduction (Fig. 7.2). Several monogonont rotifers display a heterogonic life

cycle with two main types of females: (a) the first type is an asexually reproducing

female known as amictic female and produces diploid amictic eggs. These eggs

develop directly into diploid females by ameiotic parthenogenesis and (b) the
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second type of female is known as a mictic female that is morphologically indistin-

guishable from amictic female, but with meiosis taking place within the vitellarium,

leading to the production of haploid oocytes. If the haploid oocytes are not

fertilized, they will be extruded as eggs from the female and develop into males.

The male of B. plicatilis is haploid, its body size is smaller than the female, and its

biological functions are limited to swimming and reproduction as the male lacks a

functional digestive system (Ruttner-Kolisko 1974; Wallace and Snell 1991). If a

haploid male encounters a juvenile mictic female carrying haploid oocytes in the

vitellarium, internal fertilization can take place, resulting in diploid eggs that will

develop into resting eggs (reviewed in Ruttner-Kolisko 1974). The age of the

female is critical for successful fertilization and production of the resting eggs

(Buchner et al. 1967; Snell and Childress 1987; Gómez and Serra 1996). The switch

from asexual to sexual reproduction depends on an external cue or “mixis”. The

response to a “mictic signal” occurs in females during oogenesis (Gilbert 2007b)

a

b

Fig. 7.1 (a) Brachionus plicatilis L, S, and SS type rotifers carrying amictic eggs. (b) Resting eggs

from L-type rotifers
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and is transmitted from the maternal female to the developing oocyte (Snell et al.

2006).

The transition in the life cycle seems more complex as a third category of

females known as amphoteric females (producing amictic and haploid mictic

eggs) was reported by several investigators, but their abundance seems to be usually

extremely low (Gilbert 2007a). It should be highlighted that rotifers are eutelic and

lack cell division as adults (like nematodes) and all the oocytes within female are

present at time of birth of this female. There are some differences in the way rotifers

from different populations or strains constituting the B. plicatilis species complex,

carry their resting eggs. The eggs can be carried outside of the female’s body

(external to the lorica) in the same way amictic or male eggs are carried or they can

Fig. 7.2 The life cycle of Brachionus plicatilis showing asexual and sexual reproduction and

formation of resting eggs. In the asexual life cycle, diploid amictic females produce parthenoge-

netic diploid amictic eggs. A mixis signal initiates the occurrence of a sexual cycle, whereby,

diploid mictic females produce haploid eggs via meiosis. The haploid eggs develop into either

haploid males or, if fertilized, they form diploid dormant (or diapausing) resting eggs. The internal

insemination of diploid mictic females carrying haploid eggs is possible for only a few hours after

birth. Mictic females are shaded in gray and include mictic females producing male eggs or mictic

females that form diploid resting eggs. All females are diploid while males are haploid (adapted

from Gilbert 2004b)
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be retained within the body of the female (Serra et al. 1998; Lubzens and Zmora

2003). If the eggs are carried outside the body, the female can produce several

resting eggs and each one is released after it is fully formed. However, in case the

eggs are retained within the body of the female, only one or two eggs are formed

and they sink to the sediment after the death of the female.

7.2.2 Formation of Resting Eggs

Resting eggs appear several days after the onset of the extrinsic or intrinsic mictic

cues (Gilbert 2007a) and may require two generations: first with the appearance of

males and then the fertilization of juvenile females forming the diploid resting egg.

Production of a resting egg is believed to involve higher energy investment than the

parthenogenic amictic egg, with its additional egg shell layers, glycogen, and lipid

droplets (Wurdak et al. 1977, 1978; Gilbert and Schröder 2004). Evidence to

support this hypothesis comes from the fact that only a few resting eggs (1–5)

can be produced by one female and their production takes longer (�42 h), in

contrast to 17–24 diploid amictic eggs produced by an amictic female or 9–19 of

haploid unfertilized mictic male eggs (Hagiwara et al. 1988b; Lubzens and Minkoff

1988; Lubzens and Zmora 2003). This means that successful production of resting

eggs depends on the abundance of some food sources that would assure the

production of an adequate number of rotifers and a longer time for producing the

resting eggs. Because parthenogenesis continues side by side with the onset of

resting-egg production, this can be viewed as a bet-hedging strategy which ensures

the survival of the population’s genes in case of habitat deterioration (Segers and

Brockmann 1987; Philipi and Segers 1989; Schröder and Gilbert 2004). Or in other

words, at the time of affluence, it is a good strategy to make investments in the bank

(Carmona et al. 1995; Serra and King 1999; reviewed in Schröder 2005). In this

case, it is the gene bank of the rotifer population. This strategy may change between

species or populations adapted to specific environmental conditions as stem females

hatching from dried sediment of temporary desert rock pools have a high probabil-

ity of being mictic in species of Hexathra (Gilbert 2007a).

7.2.3 Factors Affecting the Formation of Resting Eggs

The detailed cascade of events leading to the onset of sexual reproduction in

B. plicatilis has yet to be elucidated. Several environmental cues were found

implicated in inducing mixis. Gilbert (2007a) mentions three main environmental

species-specific signals that induce amictic rotifer females to produce mictic

daughters and these are crowding, dietary tocopherol. and long photoperiods and

in most cases only one of them is sufficient for any specific species. The formation

of resting eggs by the rotifer B. plicatilis has been extensively investigated as this
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species has been commonly used, for decades, to feed marine fish larvae in

commercial hatcheries (Ito 1960; Hirata 1980; Watanabe et al. 1983; Lubzens

1987; Yoshimura et al. 1996; Hagiwara et al. 2001, 2007; Lubzens and Zmora

2003 and several others).

7.2.3.1 External Factors

Most studies so far were aimed at identifying environmental changes eliciting the

formation of mictic females and resting eggs. Variation in the response to tempera-

ture, salinity, nutrition (type and amount of food), and age of amictic females was

reported extensively for various members of the B. plicatilis species complex and of

B. rotundiformis (Lubzens 1981; Hino and Hirano 1984; Lubzens et al. 1985; Snell
1986; Hagiwara et al. 1988a, b; 1989, 2005; Hagiwara and Hino 1990; Hino and

Hirano 1984, 1985, 1988; Lubzens and Minkoff 1988), indicating differences

between members of this species complex. In addition, it was shown that specific

bacteria promote resting-egg production (Hagiwara et al. 1994). Among the most

discussed signals in recent years is the effect of crowding on the onset of mixis in

B. plicatilis (Hino and Hirano 1977; Gilbert 2004a; Schröder and Gilbert 2004;

Schröder 2005; Gilbert 2007a). To ensure successful encounters between males

and females at the appropriate age or developmental stage, a certain population

density is required (ranging from 6.6 to 70 l�1 in natural environments; reviewed in

Snell et al. 2006). A water soluble fraction from rotifers cultured at high densities

was reported to increase the occurrence of sexual reproduction and resting-egg

formation (Hagiwara et al. 1994). A �39 kDa protein, named as the mixis inducing

protein (MIP), was isolated from B. plicatilis cultures and 17 amino acids

sequenced from the N-terminus show strong similarity to a steroidogenesis-

inducing protein (SIP), that was isolated from human ovarian follicular fluid

(Snell et al. 2006). The full identity of this protein, its receptors, the exact location,

and timing of synthesis within rotifers has yet to be determined. Crowding chemi-

cals released into the culture media are not species specific within the closely

related B. plicatilis species complex (Stelzer and Snell 2006) and their activity

may function similarly to quorum sensing in bacteria (Kubanek and Snell 2008).

7.2.3.2 Intrinsic Factors

The predisposition of rotifers to respond to external signals or cues depends on

some additional factors. Brachionid females hatching from resting eggs (stem

females) have a lower response to the mictic signals (Serra et al. 2005; Schröder

and Gilbert 2004; Schröder 2005; Gilbert 2007a). Starvation during initial period of

life of stem females hatching from resting eggs resulted in a higher percentage of

mixis in offspring while the same treatment of females hatching from amictic eggs

did not affect mixis induction indicating some specific maternal factors in the

cytoplasm of resting eggs that are absent in amictic eggs (Hagiwara et al. 2005).
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Age-related changes in the propensity to produce mictic daughters were reported in

some rotifer clones (Gilbert and Schröder 2007). Differential response of rotifers

stemming from single resting eggs (that were produced in a clonal culture) suggests

genetically based segregation in the response to the onset of sexual reproduction

(Hino and Hirano 1977, 1985; Lubzens 1989). Intraclonal variation and age-related

response for mixis suggest an interaction between several factors that is difficult to

resolve experimentally (Gilbert and Schröder 2007).

7.2.3.3 Hormones

Several investigations were performed on the assumption that external signaling

molecules elicit formation of hormones similar to those of other animals (of

vertebrate and invertebrate origin), in evoking the response of inducing meiosis

in females. These investigations included pig growth hormone, human chorionic

gonadotropins, 17b-estradiol, triiodothyrionin, 20-hydroxuedcysone, 5-hydroxy-
tryptamine, gamma amino-butiric acid, juvenile hormone (Gallardo et al. 1997,

1999, 2000), and more recently progesterone (Snell and DesRosiers 2008). While

some effects were found on either increasing the incident of mictic female produc-

tion or resting-egg production, the affecting compounds were not isolated or traced

within rotifers, nor their putative receptors. In most cases, these compounds were

applied at relatively high concentrations. Moreover, these compounds may have an

indirect effect as they are supplied in the culture medium and could be chemically

altered by bacteria or the food organisms or within the rotifers. Alternatively, they

may elicit the production of other compounds that are biologically active. The

direct effect of tocopherol on the onset of the mictic response in Asplanchna
(Gilbert and Thompson 1968; Gilbert 1974) was demonstrated many years ago

and is still the only study showing a direct involvement of a specific compound in

eliciting meiosis in rotifers. Recent studies in mammalian species indicate that

retinoic acid is the signaling molecule whereby germ cells in an ovary enter

meiosis, during embryogenesis (Bowles and Koopman 2007). It remains to be

shown whether a similar pathway occurs also in other organisms such as rotifers.

7.2.3.4 Future Directions

Extensive molecular studies were performed on the cascade of events leading to the

formation of a dormant dauer form in the nematode Caenorhabditis elegans and
these could be helpful in future studies on the molecular basis for the onset of the

formation of dormant resting eggs, in rotifers. In response to high population

density, C. elegans enters an alternative larval stage known as the dauer stage

that can be considered a dormant or diapausing stage. Dauers are adapted for

survival under harsh conditions, have a thickened cuticle, often remain motionless,

do not feed and survive off fat storage. C. elegans senses its population density

through small molecules consisting of several derivatives of the dideoxysugar
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acarylose, which are synthesized in the intestine and released or excreted into its

surroundings (Butcher et al. 2009). The dauer pheromone is detected by sensory

neurons in the head (Schackwitz et al. 1996) and signals through multiple pathways,

including the TGFb pathway and the insulin/insulin-like growth factor-1 (IGF-1)

pathway (Shaw et al. 2007). Molecular genetic studies suggest that when hormones

(serotonin, TGFb, insulin, and steroids) are upregulated, reproductive growth is the
selected pathway. However, when these hormones are downregulated, the animals

enter dauer diapause (Motola et al. 2006; Gerisch et al. 2007; Fielenbach and

Antebi 2009). While some recent studies on IGF-related pathways were performed

in rotifers and showed their putative role in longevity (especially of genes function-

ing downstream of the IGF pathway; Yoshinaga et al. 2003, 2005; Kaneko et al.

2006), there is no information so far on the association of the TGFb and IGF-1

pathways in formation of rotifer resting eggs.

The key event in the onset of sexual reproduction is the occurrence of meiosis in

mictic females. While a “box tool” for identifying meiosis has been offered for

genomic studies (Schurko and Logsdon 2008), universal functional molecular tools

are not yet available, especially not for rotifers. Recent studies in Daphnia pulex,
avian, and mammalian species (Bowles et al. 2006; Balthus et al. 2006; Bowles and

Koopman 2007; Schurko et al. 2009; Smith et al. 2008) suggest a few directions for

future studies on entry into meiosis. These studies revealed several meiosis-specific

genes for which homologs in most model organisms are expressed only during

meiosis and mutants containing null alleles are defective only in meiosis. These

include sister chromatid cohesion genes, genes associated with meiotic interhomo-

log recombination and genes associated with regulation of crossover. It will be,

however, necessary to show that the expression pattern of these genes is specific to

meiosis in rotifers, as several may also be expressed during asexual reproduction

(Schurko et al. 2009).

7.3 The Resting Egg and Its Morphology

Information on the morphological structure of resting eggs can provide some clues

for future investigations regarding a search for genes associated with dormancy in

these eggs, since the structure and formation of the resting egg differ from those of

amictic egg. In the case of amictic reproduction, the diploid oocytes within the

vitellarium of a female will accumulate yolk and the oocyte will develop into

embryos within the pseudocoelom. Most members of the B. plicatilis species

complex extrude the embryos encased within an oblate-spheroid egg shell and

they are carried by the female until hatching. They are relatively transparent and

the progress of development can be observed under relatively low magnification

(Snell and Hoff 1988).

There is insufficient information on the early stages of formation of diapausing

eggs within sexually reproducing mictic females. Externally, a mictic female

producing a resting egg cannot be distinguished from an a mictic female, at early
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stages of resting-egg formation. The resting-egg forming females can be identified

at later stages of development, when the egg content turns dark yellow to brown

(unpublished observations). At the last stages of development an extraembryonic

space is noticed (Fig. 7.2), between two shell layers (Wurdak et al. 1978), in

contrast to the one shell cover of amictic eggs. The extraembryonic space is filled

with fluid as long as the egg remains immersed. The studies reported by Wurdak

et al. (1978) and the review by Gilbert (1989) on Brachionus calyciflorus provide
some insight into embryonic development in rotifers. Externally, the egg in

B. calyciflorus is delineated by an operculum, a lid like opening, through which

the fully developed embryo hatches. Scanning and transmission electron micro-

scope studies on B. plicatilis revealed a surface pattern of anastomizing smooth and

wavy ridges (Munuswamy et al. 1996). In cross section under TEM, the alveolar

and dense sublayers constitute the outer (S1) and inner (S2) egg membrane or shell

membranes. S1 and S2 (the inner egg membrane) layers are derived from shell-

secreting granules. These granules are synthesized in the vitellarium of the ferti-

lized mictic female and transported to the growing oocyte. These membrane bound

granules migrate to the periphery of the egg and release their contents to form the

alveolar and inner sublayers in B. calyciflorus (Wurdak et al. 1978). The S1 and S2

membranes were suggested to protect the embryo from adverse conditions or

mechanical injury during internal as well as during the dormant or diapause period.

The embryo is surrounded by the S2 shell layer that separates it from the extraem-

bryonic space and this layer was suggested to be homologous to the single shell

layer of parthenogenic eggs since both contain chitin. A third shell layer probably

forms during resumed embryogenesis, after dormancy is broken and this layer may

protect the embryo during the hatching process from the egg. Changes occur within

the resting eggs of B. plicatilis during early stages after ovulation and they include

changes in the thickness of the first shell layer (from 1.2 to 4.0 mm) during the first

8 days (at 25�C) and the appearance of mucopolysaccharide that may have a

protective role. Also, the total number of nuclei in an embryo increases from 22

on Day 2 after ovulation, to 39 on Day 6 (Hagiwara et al. 1995b).

There is also insufficient information on the early events of cleavage and

gastrulation, following internal fertilization, to give us a complete understanding

of the embryonic development in diapausing embryos and this information is

important for determining the stage of the onset of dormancy (Gilbert 1989).

Wurdak et al. (1978) examining the resting-egg embryos of Asplanchna intermedia
and B. calyciflorus observed that these embryos were composed of an inner

syncytial mass, surrounded by an outer syncytial layer. The outer layer is consid-

ered as ectoderm while the inner mass as entoderm, with some inner nuclei forming

the precursors of the germovitellarium in the fully formed female. The two regions

were delimited from each other, partially by membranes connection but are joined

by structures resembling gap-junctions indicating close chemical communication

between the layers. There is a massive breakdown of cell membranes in resting eggs

that does not occur in the parthenogenically developing embryo, where cell bound-

aries are retained until after the cessation of nuclear divisions (Birky et al. 1967).

This is rather surprising as resting eggs would have to undergo nuclear division
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cycle(s), after resumed embryonic development. Also, numerous lipid droplets in

the inner layer are larger and denser than those observed in the ectoderm and alpha

and beta-glycogen islets were also observed. This is in contrast to fewer lipid

droplets and beta-glycogen storage in parthenogenic developing embryos indicat-

ing their importance for the resting egg. Lower protein synthesis activity and

protein secretory activity in resting eggs were suggested by the lack of elongated

cisternae in resting eggs and the reduced Golgi apparatus (Wurdak et al. 1978).

Gilbert (1989) raises interesting questions with regard to postcleavage develop-

ment of the diapausing embryos. Specifically, these are related to gastrulation and

early organogenesis stages, prior to the breakdown of the cell membranes and the

functional significance of the inner and outer syncytial layers and their organiza-

tion. These events in the embryo are of significance in attempting to understand the

mechanism of entry to dormancy and in revealing the functional genes associated

with them. While the morphological studies direct our attention to structural and

functional differences between amictic and diapausing embryos, there is as yet,

insufficient information on the functional differences at the molecular level.

7.4 Diapause and Hatching of Resting Eggs

Rotifer resting eggs remain dormant under extreme environmental condition such

as desiccation and low temperature. Resting eggs of S-type strains could be hatched

successfully from the sediment of Kai-ike pond in Koshiki island, Japan, 65 years

ago after their production (Kotani et al. 2001). Resting eggs formed in the labora-

tory almost 30 years ago hatched after storage at 4�C (Denekamp et al. 2009 and

unpublished data). Interestingly, the rotifer resting eggs maintain their dormancy in

a nondesiccated form, as they contain �70% water (Hagiwara 1996). They survive

though, desiccation as demonstrated by Balompapueng et al. (1997). This raises a

question on the long-term survival of these eggs in a nondesiccated form.

The hatching pattern rotifer resting eggs (of L-type ) changes with exposure to

different temperature (5–25�C) and light regimes (at 24L:0D and 0L:24D). When

eggs were exposed to light just after formation, resting eggs hatched sporadically

over months. No hatching was observed for 6 months when eggs were preserved

under dark conditions regardless of the temperature (Hagiwara and Hino 1989).

According to Minkoff et al. (1983), resting eggs from L-type rotifers hatched after

an obligatory dormant period (when stored in the dark) after exposure to light (even

for as little as 10 min was sufficient to induce hatching), but the extent of hatching

depended on the salinity, temperature and was slightly modified by the presence of

algae. The threshold of light intensity for hatching was estimated to be 4,400 lux for

30 min using a halogen lamp. Hatching of resting eggs depends on the wavelength

of irradiation and is highest at 350–400 nm. Irradiation at more than 350 nm caused

1–25% hatching, but it reached 50–60% at a wavelength of 250–310 nm. Hatching

level decreased with longer wavelength irradiation. It was also found that the

addition of hydrogen peroxide or prostaglandins (E1, E2, or F2a) to the hatching
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media resulted in resting-egg hatching even in the dark. These results may suggest

that production of peroxide in seawater caused by light as well as the oxidation of

fatty acid to prostaglandins within the embryo are possible mechanisms involved in

resting-egg hatching (Hagiwara et al. 1995b). Brine shrimp cysts hatch at

400–600 nm (Van der Linden et al. 1985) and may be associated with light

absorption of hemopigment in the embryo (Van der Linden et al. 1986). There is

no information, however, on the identity of the receptors associated with perceiving

the signals for hatching in rotifers or the cascade of events leading to resumed

development. Extensive studies performed on plant seed dormancy and germina-

tion may assist in paving similar directions for studies on genes associated with the

onset, duration and resumed development of rotifer resting eggs (Raz et al. 2001;

Bentsink and Koornneef 2008; Holdsworth et al. 2008a, b).

7.5 Molecular Aspects of Rotifer Functional Biology

and Dormancy

Molecular data will contribute greatly to improve our knowledge on resting-egg

formation, on the differences between the female and egg types and on dormancy.

Studies on single gene function were made available in recent years (Wheelock

et al. 1999; Kaneko et al. 2002, 2005), and increasing molecular information is

now available on bdelloid rotifers (Mark Welch 2001, 2005; Mark Welch and

Meselson 2001; Mark Welch and Mark Welch 2005; Mark Welch et al. 2004,

2008; Fontaneto et al. 2007; Pouchkina-Stantcheva et al. 2007; Suga et al. 2007b,

2008 and others), including studies related to the function of Late embryogenesis

abundant proteins (LEAs) during desiccation (Pouchkina-Stantcheva et al. 2007).

Larger transcriptome data in the form of expressed sequence tags (ESTs) were

recently made available for the B. plicatilis complex species (Suga et al. 2007a;

Denekamp et al. 2009). A partially sequenced cDNA library from all life stages of

B. plicatilis generated a database of 2,300 ESTs corresponding to more than 450

transcripts. It revealed relatively abundant transcripts with no significant similarity

to sequences in databases (Suga et al. 2007a). A similar conclusion was drawn from

�48,000 ESTs forming �18,000 putative transcripts of B. plicatilis obtained from

normalized and subtractive cDNA libraries. These were prepared from samples of

all life stages, including resting eggs and resting eggs during hatching, but only

28–55% (depending on the library) produced significant matches to known data

bases (Denekamp et al. 2009).

In an effort to reveal molecular aspects associated with onset of sexual repro-

duction, molecular data was generated recently on males as males are formed first

after the onset of meiosis. A normalized cDNA library was constructed and about

37% of the total ESTs, constituting 1,521 sequences, had no significant similarity

(score <50) to BLAST database (Table 7.2; Suga et al. in preparation). Only eight

clones were found with significant similarity to male specific and/or testis-related

genes (Table 7.3; Suga et al. in preparation). These include the spermidine synthase,
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spermatogenesis, and sperm-specific transcripts and also testis-specific transcripts.

A search in Illumina sequenced cDNA libraries from males, amictic and mictic

females, amictic and resting eggs, revealed reads (Table 7.4; Denekamp et al. in

preparation) matching some of these EST sequences, but others were not identified.

It is possible that these differences between the EST library and Illumina sequenc-

ing are due to age or the genetic origin of the rotifer cultures. Surprisingly, resting

eggs showed higher abundance of some transcripts (reads; e.g., CL3986Contig1)

even more than males. Some contigs (CL389Contig1 and rotifera-CL4209 Contig1)

showed higher expression levels in amictic females than in males. Since there is

little molecular data for the Phylum Gnathifera and, no information on male

rotifers, these unknown clones may represent genes species-, class-, phylum- or

even superphylum-specific. Further analysis of these genes may shed new light on

the molecular mechanism of rotifer male function, spermatogenesis, and male-

specific hormones.

Table 7.2 Male EST database properties

Category Number of clone

Total reads 5,568

ESTs after quality screening 5,254

Total number of isolated ESTs (Redundancy 1.36) 4,084

ESTs matched to database genes (Score >100) 1,552

ESTs did not matched to database genes (Score <50) 1,521

The cDNA library was constructed using the SMART cDNA library construction kit (Takara Bio,

Japan) according to the manufacturer’s instructions. The Duplex Specific Nuclease (DSN; Evro-

gen, Russia) was used to eliminate highly expressed genes. Plasmid DNA was sequenced for 50

region of the clone with ABI Big Dye 3.1 chemistry using 50 sequencing primer (Takara Bio) and

eluted on ABI PRISM 310 or 3730xl Genetic Analyzers (Applied Biosystems, USA). The normal-

ized cDNA library was constructed using about 7,000 males, which were harvested by filtration

(plankton net mesh, 45 mm), and the contaminating small females and neonates were removed

manually. From this cDNA library, 5,568 clones were randomly sequenced with an average read

length of 622 � 148 bp and 5,254 clones were obtained after quality screening. Further analysis

eliminated overlapping genes and the sequenced clones were assembled into 4,084 clones that

were compared with NCBI databases

Table 7.3 Male-specific

genes by BLAST search
Estimated gene function Score E value

Sperm associated antigen 16 267 6 � 10�70

Granulin 201 3 � 10�50

Vertebrate male sterility domain 199 9 � 10�50

Testis specific 190 6 � 10�47

Vertebrate male sterility domain 171 5 � 10�55

Testis-specific serine kinase 1 127 7 � 10�28

Sperm associated antigen 17 114 5 � 10�24

Spermatogenesis associated 17 100 4 � 10�20

Clones showing significant similarity for male-specific genes

using BLASTX nr database with a score >100 and E-value

<1.0 � 10�20.
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There is almost no information on gene regulation during the brachionid rotifer

life cycle and during dormancy and exit from it. Clues for biological processes

associated with dormant stages can be inferred from spores, seed plants, and cysts

where metabolic rate is extremely low (Keilin 1959; Clegg 2001) and dormancy is

mostly associated with desiccation. Emerging evidence shows that there may be

considerable commonality among mechanisms facilitating desiccation tolerance

across the spectrum of organisms that display this trait, irrespective of their

phylogeny (Berjak 2006). Some of the common features are protection against

reactive oxygen species (ROS) and detoxification, the function of specific pro-

teins assisting in maintaining the conformation of intracellular protein structures,

implication of LEAs and sugars in the formation of the intracellular glassy state,

and the removal and uptake of water associated with aquaporins and lipid metabo-

lism (Clegg 2001; Storey 2003; Wang and Kim 2003; Kranner and Birtić 2005;

Tunnacliffe and Wise 2007; Liberek et al. 2008). Transcripts associated with these

functions were found in the ESTs generated from cDNA libraries of resting eggs

and mictic females carrying resting eggs (Denekamp et al. 2009). Since these

resting eggs do not necessarily desiccate, it is not clear whether the proteins

associated with tolerance to desiccation contribute to survival of resting eggs during

nondesiccated dormancy. Some of these transcripts were more abundant in resting

eggs than in amictic eggs, such as those coding for LEA proteins, small heat-shock

proteins (shsp-3), manganese superoxide dismutase (mn-sod-2), and glutathione

Table 7.4 The occurrence of male-specific transcripts Illumina reads of libraries prepared from

amictic females (FA), mictic females carrying male eggs (FM), mictic females carrying resting

eggs (FRE), males (M), amictic eggs (AE), and resting eggs (RE)

Function EST id Illumina profile (log2)

E value FA FM FRE M AE RE

Spermidine synthase CL389Contig1 1E-100 0.48 0.86 �0.20 0.02 0.08 �0.34

Sperm associated

antigen 16

sb104P0005E20_F.ab1 1E-16 0.73 0.66 �1.97 0.76 1.69 �5.50

Granulin CL3786Contig1 1E-36 0.32 0.10 0.06 0.38 �1.16 0.72

Vertebrate male

sterility domain

CL2507Contig1 1E-54 0.69 0.47 �0.31 0.84 0.70 �1.34

CL2932Contig1 1E-98 0.80 0.42 �0.29 1.20 0.87 �0.95

CL3917Contig1 2E-50 �0.08 �0.08 2.46 0.69 �0.16 �2.08

CL3978Contig1 1.2E-62 0.76 0.79 �0.47 0.76 0.70 �1.39

CL4366Contig1 1.1E-53 0.59 0.61 �0.11 1.26 0.68 �0.89

CL6423Contig1 1.4E-48 0.69 0.58 �1.19 0.52 1.63 �3.29

Testis specific rotifera-

CL4209Contig1

1.1E-37 0.79 0.34 �0.83 0.07 0.43 �1.35

sb103P0014L02_F.ab1 1.8E-63 �0.21 0.41 �2.21 0.30 1.61 �3.02

Testis-specific serine

kinase 1

rotifera-CL485Contig1 1.7E-74 �1.62 �0.13 0.71 0.10 0.18 �0.78

rotifera-CL485Contig2 1.3E-16 �2.47 �0.56 0.32 �0.28 �0.12 �0.69

Sperm associated

antigen 17

Not found

Spermatogenesis

associated 17

Not found

The number of Illumina reads in each library was normalized to the median and the log2 for each

transcripts was calculated. Negative values indicate samples with number of Illumina reads that is

lower than the median. Data from Denekamp et al. (in preparation)
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S-transferase (gst-8). Except for mn-sod-2, they also showed higher expression

levels in females carrying resting eggs compared with amictic females. Other

transcripts were more highly expressed in females carrying resting eggs such as

those coding for copper or zinc superoxide dismutase (cu/zn-sod-1) and glutathi-

one (gst-2). Surprisingly, the transcript coding for trehalose phosphate synthase

(tps) associated with the trehalose metabolism did not change significantly in

resting eggs relative to amictic eggs or in females carrying resting eggs relative to

amictic females, suggesting that this gene may not be associated with resting-egg

production. It cannot be discounted, however, that trehalose synthesis could be

regulated at the translational level or enzyme activity, rather than the transcrip-

tional level. This raises a question regarding stability during desiccation of resting

eggs, as sugars participate together with LEAs in the formation of the glassy

matrix, conferring stability in desiccated tolerant organisms in the dry state

(Berjak 2006). This question is also relevant to bdelloid rotifers, since trehalose

was not detected in desiccated forms of this rotifer (Caprioli et al. 2004;

Tunnacliffe et al. 2005). The EST resources available now open the way for

global expression profiling and could assist in identifying genes with functions in

the onset, during and hatching of resting eggs.

7.6 Conclusions and Future Directions

There is a large gap in our knowledge on the cascade of events leading to the

formation of resting eggs, their survival during dormancy and hatching. While

extensive studies were published on genetic, environmental, and culture conditions

promoting resting-egg formation, there is no information on the molecular and

metabolic functions underlying these events. A partially characterized “mixis

induction protein” is assumed to elicit the signal for entry into meiosis in the

eggs developing within an amictic female, in a crowded culture of rotifers. Several

studies revealed that the crucial stage for the onset of meiosis in the vitellarium

should occur in oocytes that are still carried within the mother, before oviposition

(Snell et al. 2006), but this needs to be confirmed. Moreover, there is no information

on the identity of the internal signaling molecule and whether it involves tocopherol

or retinoids or other compounds. After meiosis, haploid males are formed and

molecular data indicate that they express male-specific genes. Surprisingly, the

male-specific transcripts were highly abundant in resting eggs but not in the females

forming resting eggs and they occur in amictic females and amictic eggs. Unfortu-

nately, we do not have a good explanation for these observations. Following

fertilization, transcripts with higher abundance in females carrying resting eggs

and in resting eggs could be identified. Several of these transcripts, such as those

putatively coding for glutathione-S-transferase, ferritin, small heat-shock proteins,

LEA proteins, and transcripts of genes associate with lipid and fatty acid metabo-

lism also appear in other forms displaying dormancy (Table 7.5). Yet, we are still

far from the detailed picture available for C. elegans, where information on the
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molecular time course and metabolic basis of entry and exit from dormancy in the

dauer stage is available (Wang and Kim 2003; Jeong et al. 2009). Among the main

obstacles in deciphering the molecular events in rotifers is the lack of genomic and

functional information. Only �28% of the sequenced ESTs from a resting-egg

subtractive library could be matched to available data bases (Denekamp et al.

2009). Moreover, functional genomic studies have not been performed to a large

extent in rotifers, although siRNA technology has been developed (Shearer and

Snell 2007). A fascinating question is the regulation of the onset of dormancy in the

developing resting egg. From morphological data it is not fully clear when exactly

the embryo stops its development. This is an intriguing question since several

organisms enter dormancy during embryonic development (Table 7.1). Recent

studies in C. elegans implicate microRNAs in regulating development of the

dauer stage (Bethke et al. 2009). Moreover, it has been shown in zebrafish that

microRNA430 (miR430) promotes the transition between maternal and zygotic

gene expression repertoire (Giraldez et al. 2006), raising the question whether

microRNAs regulate the onset and exit from dormancy in embryos in organisms

displaying dormancy at this transition phase. This line of future research direction,

Table 7.5 Genes associated with dormancy in rotifer resting eggs and their appearance in

Saccharomyces cerevisiae spores, Artemia franciscana cysts, and Arabidopsis thaliana seeds

Description B. plicatilis S. Cerevisiae A. franciscana A. thaliana

Aldo-keto reductase FM945201 þ NP_010159 þ – � NM_104751 þ
Ferittin FM945178 þ – AY062896 þ aNM_115467 �
Small heat-shock protein FM944934 þ NP_009628 þ AF031367 þ NM_104282 þ
Glutathion-S transferase FM944312 þ NP_011670 þ bES503727 þ NM_105660 þ
Late embryonic abundant

protein

FM939178 þ cNP_116640 þ ES492663 þ NM_115164 þ

Trehalose-phosphate

synthase

dFM929156 � NP_009684 � – NM_202376 �

Aquaporin dFM916559 � NP_015518 þ – NM_101644 þ
Superoxide dismutase AB111351 þ NP_011872 þ ES524755 þ NM_111929 þ
Cathepsin L FM904985 þ eNP_014026 þ ES516910 þ NM_100251 �

dFM940157 �
Gene bank accession numbers are given for each gene

The “þ” sign indicates overexpression in the dormant form. The “�” sign indicates that the gene is

not overexpressed in the dormant form

The data for S. cerevisiae were taken from expression experiment for sporulation (Chu et al. 1998)

and germination (Joseph-Strauss et al. 2007). The data for A. franciscana were taken from EST

libraries for A. franciscana cysts (Qiu et al. 2007; Chen et al. 2009) and from single gene studies

(Chen et al. 2003; Qiu et al. 2006). The data for A. thaliana were taken from expression

experiments for seed germination (Cadman et al. 2006; Finch-Savage et al. 2007)
aFerritin transcript is expressed in plant seeds, but a higher expression level is found after ripening

of seeds
bGlutathione-S transferase transcript was found in a diapause destined cDNA library, however, its

specificity to seeds needs confirmation
cThis accession number refers to HSP12 which is similar to LEA proteins (Mtwisha et al. 1998)
dThe expression of these genes is probably ubiquitous and not specific to resting eggs
eThis accession number represents serine carboxypeptidase rather than Cathepsin L

7 A Role for Molecular Studies in Unveiling the Pathways for Formation 125



associating miRNAs in regulation of dormancy, is supported by recent results

showing differential regulation of miRNA levels during mammalian hibernation

(Morin et al. 2008).
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Chapter 8

Anhydrobiotic Abilities of Tardigrades

Ralph O Schill

Abstract Tardigrades have been discovered in 1773 and are found in a variety of

habitats within marine, freshwater, and terrestrial ecosystems. To survive in habi-

tats that are prone to occasional drought, they possess the ability to enter a

reversible state known as anhydrobiosis. The desiccation tolerance allows them to

cope with temporal variation of available water and extended lifespan in an

anhydrobiotic state with up to 20 years by producing a time shift in the age of

tardigrades. The period of anhydrobiosis is limited by cumulative DNA damage and

the function of repair pathways during and after rehydration. The same pathways

are probably responsible for the tolerance of high doses of radiation. Heat shock

proteins serve as molecular chaperones to preserve or restore the protein integrity

and late embryogenesis abundant (LEA) proteins LEA proteins play an important

role as well. In several desiccated species glass transition has been detected, which

support the vitrification hypothesis.

8.1 Discovery of the Tardigrades

In 1773, J. A. E. Goeze (1731–1793), a German pastor from Quedlingburg, Saxony-

Anhalt, Germany, was the first to describe tardigrades as “small water bears”

(Fig. 8.1). He wrote “. . .this animal is strange because of its extraordinary anatomy

and at first glance its appearance has a strong resemblance to a little bear. It is

because of this I will name them small water bears. . .” (Goeze 1773). However,

another German, J.C. Eichhorn, was maybe the first to discover these animals in

1767 but did not publish his findings until 1781 when he published a description of a

“water animal” (Eichhorn 1781), 8 years after Goeze’s “Herrn Karl Bonnets
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Abhandlungen aus der Insektologie.” Shortly afterwards, L. Spallanzani

(1729–1799), an Italian biologist and physiologist, also described the tardigrades

and discovered their ability to desiccate and revive after “death” (Spallanzani

1776). He observed that these animals did not need a protective cover for this

phenomenon and consequently suggested that these animals must slowly lose water

to survive desiccation. The name “tardigrade” refers to the animal’s way of

movement (Lat. tardus – slow, grado – walker).

In 1834, the first tardigrade, Macrobiotus hufelandi, was described by C.A.S.

Schultze (Schultze 1834). This species is probably the most well known of all

tardigrades and was named after the German medical scientist C. W. Hufeland

(1762–1836). He was the author of “Makrobiotik – Die Kunst das menschliche

Leben zu verl€angern” (The art of extending human life) (Hufeland 1817). In

contrast to Spallanzani, Schultze spoke of a “reawakening” or “resurrection” of

desiccated tardigrades after rehydration with water. His observations and interpre-

tation were met with general disapproval. Chr. G. Ehrenberg (1795–1876), a

German naturalist, zoologist, comparative anatomist, geologist, and microscopist,

hypothesized that the animals secreted a medium during the dehydration process, in

which they continued living and even reproduced. He believed that revived tardi-

grades which spent many years in desiccation were merely descendants of those

formerly dehydrated (Ehrenberg 1834). Other scientists at the time also believed in

abiogenesis (generatio spontanea).
The first substantive review of the field, “Mémoire sur les Tardigrades” (in

1840–1842), on the anatomy, systematics, and physiology of tardigrades was

published by L. Doyère. His argument that the organism retained the integrity for

revival during a slow desiccation process led to a quarrel with F.-A. Pouchet.

Pouchet (1800–1872), a French naturalist and a leading proponent of spontaneous

Fig. 8.1 The first drawing of a tardigrade, observed by J. A. E. Goeze and published in 1773

134 R.O. Schill



generation of life from nonliving materials, was convinced that nothing could

prevent the death of the entire organism after dehydration. This scientific dispute

was settled in 1859 by the arbitral court of the Société de Biologie in Paris, France

with Doyère as the victor. Since then, debates have focused more on whether

tardigrade metabolism slows down (vita minima) or shuts down completely.

At the start of the last century, the German Jesuit G. Rahm showed that desiccated

tardigrades tolerated very low temperatures near absolute zero, and therefore

metabolism seemed impossible (Rahm 1921). In contrast, H. Baumann, who stud-

ied the morphology and physiology of this desiccated stage worked on the assump-

tion of vita minima (Baumann 1922). To this day, the ability of tardigrades to

withstand unfavorable environmental conditions (in particular dryness) in a state of

latent life or cryptobiosis remains a subject of particular interest (Fig. 8.2).

8.2 Cryptobiosis

A. v. Leeuwenhoek (1632–1723), the pioneering Dutch microscopist, was the first to

describe the phenomenon of resurrection in desiccated animals (van Leeuwenhoek

1702). He discovered many small “animalcules” in the dry dust from a roof gutter

after subsequent rehydration. These organisms were presumably bdelloid rotifers.

Astonished, he confessed “I never thought that there could be any living creature in a

substance so dried as this was” (van Leeuwenhoek 1702). Over the last 300 years

different terms have been used to describe the resting stage of animals, until

D. Keilin coined the term “cryptobiosis.” This he defined as “the state of an

organism when it shows no visible signs of life and when its metabolic rate becomes

active tardigrade anhydrobiotic tardigrade

a b

Fig. 8.2 A tardigrade in the active state (a) and in the anhydrobiotic, tun state (b)
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hardly measurable, or comes reversibly to a standstill” (Keilin 1959). According to

Keilin’s definition, there are four different types of cryptobiosis: states resulting

from low temperature (cryobiosis), lack of oxygen (anoxybiosis), high concentra-

tions of salt (osmobiosis), and desiccation (anhydrobiosis), or various combinations.

Metabolite research on a variety of organisms suggests that there are similarities

between the states of anhydrobiosis and cryobiosis owing to the reduction of free

water in the cells; however, it has been suggested that freezing and dehydration are

not equivalent phenomena, but involve different mechanisms (Crowe et al. 1992).

8.3 Longevity and Long-Term Anhydrobiotic Ability

8.3.1 Longevity in Tardigrades

Although there have been some studies on the biochemical modifications associated

with attainment of an anhydrobiotic state in several organisms (Clegg 1967; Crowe

and Clegg 1973, 1978; Tomos 1992), there have been a number of studies concerning

the effects of desiccation on the life cycle, longevity, and aging of animals (Ricci

1998; Ricci and Caprioli 1998, 2005; Ricci and Covino 2005; Ricci and Pagani 1997;

Ricci et al. 1987; Wharton 2002). Ricci and Pagani (1997) proposed three different

hypothetical responses to the effects of anhydrobiosis on aging: The “Sleeping

Beauty” model postulates a complete disregarding of the entire time spent in anhy-

drobiosis. Another model describes a partial discount of the time spent in the dry state,

meaning that the physiological age is less than the anagraphical age, due to the

slowing down of the metabolism and development. The third model assumes that

the anhydrobiotic organism registers the exact time spent in the anhydrobiotic state,

resulting in a nonextended longevity. For the tardigrade speciesMilnesium tardigra-
dum, it has been shown that the “Sleeping Beauty”model is the appropriate (Hengherr

et al. 2008a). This species shows a complete disregard of the time spent in anhydro-

biosis and does not age during anhydrobiosis when compared with control cohorts.

8.3.2 Long-Term Anhydrobiotic Ability of Tardigrades

The ability to survive unfavorable environmental conditions in an anhydrobiotic

state at all stages of the tardigrade life cycle is of great importance from an

ecological and evolutionary point of view (Schill and Fritz 2008). This ability

enables these organisms to inhabit extreme, harsh, and ephemeral environments as

well as allowing them to disperse and colonize new habitats. Survival of newly

founded populations is also facilitated by the widespread occurrence of partheno-

genesis in tardigrades. Being able to survive desiccation in all embryonic states gives

tardigrades an obvious advantage over predatory and parasitic organisms, which
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may be unable to survive such conditions (Schill and Fritz 2008). Despite the

“Sleeping Beauty” model it is unlikely that natural habitats occupied by tardigrades

stay dry for several years, decades, or even centuries and it is probable that there is an

upper limit to the potential longevity in the anhydrobiotic state (Crowe 1975).

Jönsson and Bertolani (Jönsson and Bertolani 2001) took a closer look at the long-

term anhydrobiotic abilities and came to the conclusion that there is little support for

the claim that tardigrades are capable of century-long survival, as suggested by

Franceschi (1948). In fact, the data suggest that a decade is a more realistic estimate

of the upper limit of anhydrobiotic survival in tardigrades. The longest known

observation of an extended lifespan in an anhydrobiotic state was documented in

the species Echiniscus testudo with up to 20 years survival (Jørgensen et al. 2007).

However, most authors have reported an upper limit of around 10 years (Guidetti and

Jönsson 2002; Rebecchi et al. 2006). This is presumably due to the cumulative

damaging effects of free radical oxidation processes on cellular and molecular

structures and the inactivation of DNA repair enzymes and free radical scavenging

enzymes, e.g., superoxide dismutase (SOD) that possesses antioxidant effects

(Crowe 1975; Örstan 1998; Wright et al. 1992). A particular problem is the damage

to membranes caused by lipid peroxidation (Crowe and Madin 1975; Womersley

1981). The result is a chemical aging (Schöneich 1999) in the anhydrobiotic tun

state, which limits the survival capacity of anhydrobiotic tardigrades.

8.4 DNA Damage and Repair Mechanisms

Cumulative damage incurring during cryptobiosis may have lead to selection for

particularly efficient repair pathways. These are clearly essential upon rehydration,

and DNA repair is presumably the secret of the tremendous ability to tolerate

desiccation for a long time. This is evidenced by the fact that tardigrades tolerate

high doses of radiation which should, of course, result in DNA damage and subse-

quently DNA repair. Jönsson et al. (2005) studied the radiation tolerance in the

species Richtersius coronifer. Desiccated as well hydrated animals which were

irradiated with 0.5 and 1 kGy did not deviate in survival from the control. He

suggested that radiation tolerance in tardigrades is not due to cellular protection

through metabolites or proteins, but to efficient repair mechanisms. For the species

M. tardigradum, median lethal doses of 5,000 Gy (gamma-rays) and 6,200 Gy [high-

linear energy transfer (LET) heavy ions, 4He] in hydrated tardigrades, and 4,400 Gy

(gamma-rays) and 5,200 Gy [high-linear energy transfer (LET) heavy ions, 4He] in

anhydrobiotic tardigrades at 48 h after irradiation, have been calculated (Horikawa

et al. 2006). In R. coronifer, irradiation with >1,000 Gy prevents reproduction.

Gladyshev and Meselson Gladyshev and Meselson (2008) demonstrated the

extraordinary resistance of bdelloid rotifers to ionizing radiation. The resulting

double-strand DNA breakage was accompanied by enhanced either by systems

that repair such damage, those that protect the repair systems, or both. They

suggested that such breakage and repair systems may have maintained bdelloid
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chromosomes as colinear pairs and kept the load of transposable genetic elements

low, because accurate repair of double-strand breaks requires the presence of a

homologous template. However, the phenomenon seems to be species-specific and

a consequence of the evolutionary adaptation of the bdelloid rotifers to survive the

desiccation encountered in their characteristic habitats which periodically run dry

and become wet after rainfall. In the tardigrade speciesM. tardigradum, the effect of
anhydrobiosis on the integrity of DNA has been shown with the technique of

microgel electrophoresis of single cells (DNA Comet Assay) (Neumann et al.

2009; Schill et al. 2008). The process of desiccation itself induces only minor

DNA damage in cells, while the damage is clearly linked to the time the specimen

was maintained in anhydrobiosis. A time-course experiment showed that the maxi-

mum level of DNA fragments in the comet tails was reached 90 min after rehydra-

tion. The formation and expansion of the comet tails is primarily not due to the

damage itself, but instead reflects the excision repair system.

8.5 Protection and Repair with Proteins

8.5.1 Heat Shock Proteins

In the cellular stress response, several families of heat shock/stress proteins (HSPs)

serve as molecular chaperones and can be induced by a wide variety of stressors that

result in the accumulation of unfolded or misfolded proteins in cells, i.e., proteotoxi-

city (Hightower 1993). In general, during such proteotoxic conditions, there is a

redirection of metabolism, leading to rapid up-regulation of HSP genes. One such

family member, Hsp70 is a highly conserved and abundant protein, involved in

facilitating protein maturation, stabilization of the conformation of folding intermedi-

ates, prevention of the formation of aberrant structures and leading polypeptides to

biologically productive pathways (Gething and Sambrook 1992). In cysts of Artemia
sp., Clegg et al. (1994) showed that protein p26 underwent an extensive stress-induced
translocation to nuclei and other sites. These translocations exhibited strong pH

dependence (Clegg et al. 1995) in a consistent trend with intracellular pH changes

in vivo (Gnaiger et al. 2000; Hand 1998; Hand and Hardewig 1996; van Breukelen

and Hand 2000; van Breukelen et al. 2000). Subsequent studies (Liang et al. 1997a, b)

showed that p26 is a member of the small heat shock/a-crystallin family of proteins

(de Jong et al. 1998; Sun and MacRae 2005) and demonstrated that this protein

exhibited molecular chaperone activity in vitro (Liang et al. 1997b), and probably

in vivo (Liang andMacRae 1999). In the tardigrade species R. coroniferwhen shifted
from an active state to an anhydrobiotic state, Ramløv and Westh (2001) detected an

induced protein with a molecular weight of approximately 71 kDa, which potentially

belongs to the Hsp70 heat shock protein family. Three heat shock protein (hsp70
family) genes are known in M. tardigradum, which are differently expressed during

dehydration, rehydration, the active, and the anhydrobiotic state (Schill et al. 2004).

One of these isoforms is significantly induced in the transitional stage between the
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active and the cryptobiotic state. The resulting comparatively high number ofmRNAs

may be stored for repair processes after rehydration. A further hint concerning general

mechanisms of stabilization and repair at the protein level has been demonstrated inR.
Coronifer, with elevated levels of stress proteins (Hsp70) are detected in rehydrated

tardigrades after a period of desiccation (Jönsson and Schill 2007). This suggests that

Hsp70 may be involved in the biochemical repair system and that it is connected to

cellular repair processes after rehydration rather than to biochemical stabilization in

the dry state.

8.5.2 LEA Proteins

In plants, and more recently in several animals, induction of high levels of hydro-

philic proteins, in particular the late embryogenesis abundant (LEA) proteins, has

been associated with water stress. LEA proteins were first identified 20 years ago in

plants, where they are produced during seed development (Galau et al. 1986;

Grzelezak et al. 1982). However, their precise function is poorly understood. To

be classified as molecular chaperones, LEA proteins must not only prevent aggre-

gation, they must additionally form transient, noncovalent complexes (Ellis 2004).

Unfavorable protein–protein interactions, however, can lead to irreversible confor-

mational changes and, in enzymes, a loss of catalytic activity (Carpenter et al.

1987). LEA proteins might simply function as “molecular shields”, forming a

physical barrier between partially unfolded neighboring proteins and preventing

contact between them (Tunnacliffe and Wise 2007). LEA protein expression has

more recently been demonstrated in other organisms, also linked to desiccation

stress and the acquisition of desiccation tolerance. So far these organisms include

microorganisms (Battista et al. 2001), nematodes (Browne et al. 2002; Goyal et al.

2003, 2005), rotifers (Tunnacliffe et al. 2005), a chironomid larvae (Kikawada et al.

2006), and Collembola (Bahrndorff et al. 2009). Research on LEA proteins has

recently focussed on tradigrades because of the evidence that these proteins play an

important role in protecting cellular proteins. In the tardigrade speciesM. hufelandi,
putative LEA proteins have been isolated from the tun state (McGee et al. 2004);

however, more results will be expected in the future.

8.6 Sugars and Vitrification

8.6.1 Hypothesis of Cell Stabilization

In the early sixties, S.J. Webb postulated the water replacement hypothesis in which

accumulated hydrophilic molecules such as nonreducing sugars (e.g., trehalose

and sucrose) interact with macromolecules through hydrogen bonds, leading to

the replacement of water (Crowe et al. 1987, 1992; Crowe 2002; Webb 1964;
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Webb et al. 1965). Over the last three decades considerable research has centered on

the role of these sugars, particularly trehalose in animals (Yancey et al. 1982;

Vertucci and Farrant 1995; Ingram and Bartels 1996; Chandler and Bartels 1999;

Alpert 2000) and sucrose in higher plants (Crowe and Clegg 1973; Potts 2001;

Crowe et al. 1997; Alpert 2000). These carbohydrates appeared to be ubiquitous in

cryptobiotes and serve multiple additional roles (1) as compatible intracellular

osmolytes during desiccation or freeze-dehydration; (2) as stabilizers of protein

quaternary structure and lipid bilayer integrity with declining free water activity; and

(3) as supercoolants. Trehalose is critical to desiccation tolerance in the cysts of the

brine shrimp Artemia sp. Many studies have demonstrated its important role in the

protection of cellular and macromolecular structures by replacing the water that is

normally hydrogen-bonded to polar residues (Clegg 1986). Also of some importance

is the vitrification hypothesis proposed by Crowe et al. (Crowe et al. 1998; Crowe

2002). This hypothesis suggests that hydrophilic molecules enter a glassy

state during desiccation which prevents denaturation, aggregation, and disintegra-

tion because of immobilization. These two proposed hypotheses are not mutually

exclusive.

8.6.2 The Role of Sugars in Tardigrades

There are many examples of trehalose accumulation in anhydrobiotic organisms, in

adults, juveniles, and different developmental states. The desiccated embryo of

brine shrimp Artemia sp. in the cyst contains substantial concentrations of treha-

lose. This can be as high as 13–18% of dry weight (Clegg 1965) and the anhy-

drobiotic nematode Aphelenchus avenae can produce 10–15% of its dry weight as

trehalose when dried slowly (Madin and Crowe 1975). Similarly, a large amount of

trehalose (18% of dry body mass) is rapidly accumulated in the African chironomid

larvae Polypedilum vanderplanki (Okuda et al. 2004; Watanabe et al. 2002, 2003)

and plays a role in water replacement and intracellular glass formation (Sakurai

et al. 2008). Trehalose was also detected in anhydrobiotic states of the freshwater

sponge Trochospongilla sp. (gemmules), the bryozoan Cristatella mucedo (stato-

blasts) and the mictic eggs of crustaceans Daphnia magna, D. pulex, Triops long-
icaudatus, and T. cancriformis (Hengherr et al. 2008b). The first confirmation of the

presence of trehalose in tardigrades was in the species Macrobiotus areolatus
(Crowe 1975); later Westh and Ramløv (1988) observed the production of trehalose

in cryptobiosis in Arctic tardigrades. However, compared with the level of trehalose

in Artemia sp., A. avenae, and P. vanderplanki very little trehalose was detected in

the tun state of R. coronifer (0.1–2.3% of dry weight body mass) (Westh and

Ramlov 1991). Hengherr et al. (2008c) measured the trehalose levels of six

eutardigrade species (M. tardigradum, Macrobiotus tonollii, Macrobiotus sapiens,
Paramacrobiotus richtersi, Paramacrobiotus “richtersi group” 1, and Paramacro-
biotus “richtersi group” 2) and two heterotardigrade species (E. testudo and

E. granulatus) during the induction of anhydrobiosis, the anhydrobiotic state, the
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rehydration phase, and after a 4-h active period. The data reveal great differences

between the species. In Macrobiotus and Paramacrobiotus species, the increase in
trehalose takes place during tun formation, and trehalose degradation is induced

within 10–15 min following rehydration. Echiniscus showed the presence of treha-

lose but not desiccation-induced changes, while Milnesium showed no detectable

trehalose. Lapinski and Tunnacliffe (2003) also demonstrated excellent desiccation

tolerance of the bdelloid rotifers Philodina roseola and Adineta vaga, without
measurable levels of trehalose and no expression of trehalose synthase genes. It

seems that the apparent lack of trehalose in certain organisms does not preclude

excellent desiccation tolerance, and that there are multiple strategies for desiccation

tolerance in different organisms.

8.6.3 Vitrification in Tardigrades

A glass is a liquid of a quite high viscosity that it is capable of slowing down or

inhibiting chemical reactions (see Sect. 6.1). Molecules embedded in a sugar and/or

protein glass should gain substantial chemical stability compared with their coun-

terparts diffusing freely in aqueous solutions. Glasses show temperature-dependent

transitions during which they change from a glassy mechanical solid state to a state

with decreased viscosity and the vitrification (glass transition) temperature and can

be measured by differential scanning calorimetry (DSC). Viability studies on seeds

resulted in predictions of the maximum temperature at which seeds will survive at a

given water content and demonstrated the transition from a glassy mechanical solid

to a state with a distinct decreased viscosity (Sun et al. 1984). Several other studies

have been carried out on pollen (Hoekstra et al. 1992a, b) and animals (Clegg 1974;

Sakurai et al. 2008). If vitrification is responsible for the tolerance in anhydrobiotic

organisms, the thermal limits for the formation of amorphous glasses and survival

in desiccated organisms should be dictated by the vitrification temperature and

dependent on the final concentration of carbohydrates, proteins, and water. One of

the first heat tolerance experiments demonstrated that anhydrobiotic tardigrades of

the speciesM. hufelandi survived a short exposure to temperatures between 120 and

125�C (Doyère 1842). Later, Baumann (1927) reported that anhydrobiotic tardi-

grades could tolerate 100�C for 6 h and R. coronifer survived temperatures up to

approximately 70�C for 60 min without any decrease in survival (Ramløv

and Westh 2001). A systematic study with seven eutardigrade species (M. sapiens,
P “richtersi group 1,” P“, richtersi group 2”, P. “richtersi group 3”, M. tonollii,
P. richtersi, M. tardigradum) and two heterotardigrades (E. granulatus and

E. testudo) has been completed recently (Hengherr et al. 2009). Exposure to

temperatures up to 80�C for 1 h resulted in a moderate decrease in survival of the

tardigrades. At 95�C all Macrobiotus and Paramacrobiotus species died. The

heterotardigrade species E. granulatus and E. testudo survived, though with a low

survival rate. However, M. tardigradum showed recovery rates of >90% after

experiencing 100�C but followed by a steep decrease after exposure to higher
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temperatures. The temperature of 102�C for 1 h was the limit of the tolerance.

Assuming the formation of an amorphous glass during desiccation by nonreducing

carbohydrates and hydrophilic proteins as one of the major mechanisms to protect

cellular structures from denaturation, coagulation, and disintegration, glass transi-

tion temperature is a limiting factor for high temperature tolerance in tardigrades.

By using DSC, glass transition in the desiccatedMacrobiotus and Paramacrobiotus
species has been detected and therefore provides the first evidence for vitrification

in tardigrades during anhydrobiosis (Hengherr et al. 2009). No glass transition

could be detected in the two heterotardigrade species and M. tardigradum, which
may indicate that these species use other mechanisms to tolerate desiccation and

heat stress.
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Chapter 9

Cryoprotective Dehydration: Clues

from an Insect

M. Roger Worland, Gordana Grubor-Lajšić, Jelena Purać,

Michael A.S. Thorne, and Melody S. Clark

Abstract Arthropods have evolved a number of different adaptations to survive

extreme environmental temperatures including, in some regions, over-wintering

temperatures well below 0�C. One of the less common adaptations to surviving cold

is that of cryoprotective dehydration, where the animal becomes almost anhydro-

biotic with the loss of virtually all osmotically active water. In this chapter,

we describe integrated studies utilising physiology, biochemistry and molecular

biology to understand this phenomenon in the Arctic springtail (Megaphorura
arctica) (formerly Onychiurus arcticus). These studies concentrate on the action

of trehalose as a cryoprotectant, the production of antioxidants to reduce cell

damage and changes in membrane composition.

9.1 Introduction

Terrestrial arthropods have evolved a complex array of adaptations to survive in

some of the coldest and driest environments on earth. In fact, the stresses placed

upon insects by sub-zero temperatures and low humidity are very similar; both

result in an increase in osmolarity of cellular fluids resulting in cell shrinkage and
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potentially death (Ring and Danks 1994). The ability of insects to survive sub-zero

temperatures is one of the most researched of their extraordinary abilities. In fact

full credit should be accorded to R.W. Salt who pioneered this work in the 1930s,

describing the fundamental principles of insect cryobiology and providing a com-

prehensive list of working hypotheses (see Ring and Riegert 1991 for a bibliogra-

phy, plus Salt 1957, 1961).

Insects possess three main strategies to survive the cold: freeze tolerance, freeze

avoidance and cryoprotective dehydration (Block 1990; Sinclair et al. 2003;

Worland 1996). The majority of micro-arthropods living in polar regions avoid

freezing by lowering the freezing point of their body fluids to below that of their

environment and survive in a supercooled state. This is achieved by increasing the

concentration of osmolytes in their body fluids by accumulating cryoprotective

compounds and/or by removing ice nucleators from their bodies. The most common

cryoprotective compounds utilised are low molecular weight sugars and sugar

alcohols, such as glycerol, sorbitol, ribitol, mannitol and trehalose (Zachariassen

1985; Cannon and Block 1988). These compounds reduce the melting point of body

fluids by their colligative properties. Their effect is often enhanced by a reduction in

body water content. Whereas many polar arthropods reduce the levels of body

water during winter (Worland and Block 2003), a very few become almost anhy-

drobiotic under stressful environmental conditions. This response has been termed

cryoprotective dehydration (Holmstrup and Westh 1994). Once all the osmotically

active water has been removed from the animal’s body, mechanical damage to cell

structure by ice formation is avoided. However, survival of the resultant high

osmotic concentration requires specialised biological responses and novel com-

pounds. The most common cryoprotectant found in cold tolerant insects is glycerol

(Storey and Storey 1991), which readily penetrates cell membranes through trans-

membrane protein channels. Animals that tolerate both cold and desiccation usually

synthesise trehalose, which, like glycerol, is non-toxic even in high concentrations.

The cryoprotective properties of glycerol are mainly related to its colligative

properties (Zachariassen 1979), whereas trehalose acts as a water replacement

molecule to maintain proteins and membranes in their native state during desicca-

tion (Crowe and Crowe 1986).

Very few terrestrial arthropods are known to utilise the cryoprotective dehydra-

tion mechanism to survive low winter temperatures. This may be because a

prerequisite of living on land is resistance to water loss, which limits their ability

to make use of this particular strategy. In general, rates of water loss in arthropods

are reduced at low temperatures (Sømme 1995; Worland and Block 1986); how-

ever, as the vapour pressure of the haemolymph of a supercooled insect is higher

than that of ice in its surroundings at the same temperature, water will inevitably

continue to be lost at sub-zero temperatures until the increase in solute concentra-

tion reduces the diffusion gradient and the system reaches equilibrium (Lundheim

and Zachariassen 1993). For this reason, only terrestrial taxa susceptible to water

loss such as the Annelida and Diptera are likely to utilise the protective dehydration

strategy. Freeze tolerant species are not affected by this desiccating force once their

extra cellular body fluids are frozen (Worland and Block 2003). One of the first
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examples of protective dehydration to be described was that of the egg capsules of

the earthworm Dendrobaena octaedra, which have a very permeable membrane

and desiccate in frozen soil (Holmstrup 1992). Despite further studies (Worland and

Block 2003) only a few other examples of animals using this survival mechanism

have been identified. These include a nematode (Wharton et al. 2003), an enchy-

traied worm (Pedersen and Holmstrup 2003) and the larvae of the Antarctic midge

Belgica antarctica (Elnitsky et al. 2008). Perhaps one of the best documented

examples is that of the Arctic springtail M. arctica (Worland 1996; Holmstrup

and Sømme 1998; Worland et al. 1998). In many ways, this arthropod can be

viewed as a model organism for understanding the process of cryoprotective

dehydration. There is a history of physiological and biochemical studies in this

organism (Worland 1996; Holmstrup and Sømme 1998; Worland et al. 1998;

Bahrndorff et al. 2007), which is being increasingly supplemented with molecular

data (Clark et al. 2007, 2009; Bahrndorff et al. 2008). Such multi-disciplinary

investigations are essential to gain a comprehensive understanding of not only

specialised cellular adaptations but also to understand how this species interacts

with the environment.

M. arctica (Collembola, Onychiuridae) is an apterygote (wingless) arthropod

belonging to the Collembola class that have no metamorphosis and moult continu-

ously throughout their entire life cycle. This pale yellow springtail is relatively large

weighing up to approximately 1 mg and growing up to 3 mm in length (Fig. 1a).

During the desiccation process the total water content of the animal reduces from 70

to 40% of fresh weight (Fig. 1b) (Worland et al. 1998). M. Arctica is common in

coastal areas of the Palaearctic region and often found in the high nutrient, vegetated

areas beneath bird cliffs. Samples for studies discussed in this chapter were collected

from beneath stones lying on grass and moss below the bird cliffs at Krykkjefjellet

and Stuphallet near the Ny-Ålesund base, West Spitsbergen, Svalbard (Fig. 2).

9.2 Laboratory Induced Cold Tolerance in M. arctica

Summer populations of M. arctica are freezing intolerant with a mean SCP of

�6.1�C. This relatively high SCP is stable throughout the summer and is not

affected by acclimation at 0�C (Block et al. 1994). This is in contrast with some

other species of polar springtails (e.g. Cryptopygus antarcticus), which can be

induced to lower their SCPs by culturing them for 2–3 weeks without food at 0�C
(Block and Worland 2001). The soil temperature at the main collection site at

Stuphallet typically varies between 3 and 6�C during the summer, but during winter

it can fall to below �20�C (Coulson et al. 1995a, 1995b). This suggests that

changes in cold hardiness should occur to enable overwinter survival. Preliminary

studies by Worland (1996) found that when M. arctica was acclimated at sub-zero

temperatures (�2.2�C) in the presence of ice, the springtails became partially

desiccated and had lower SCPs. The samples regained their normal water content

and recovered within a few hours after warming and melting of the surrounding ice.
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More recent laboratory studies have shown that M. arctica is capable of surviv-

ing temperatures down to�14�C for periods of several weeks. Detailed acclimation

experiments, where the temperature was slowly reduced from 5 to �14�C over a

period of several weeks, have shown that the supercooling point (SCP) of the

springtails is reduced from approximately �5�C to below �30�C (Fig. 3a). At the

same time the freezeable water content is reduced by almost 97% from approxi-

mately 2.7 g/g dry weight at 5�C to 0.08 g/g dry weight at �14�C (Fig. 3b).

Freezeable water content was calculated from the exotherm produced by the

animal’s body water freezing, measured by Differential Scanning Calorimetry

(DSC) (see Worland et al. 1998 for details). During the treatment period the amount

of water remaining unfrozen (osmotically inactive) remained fairly constant at

a

b

Fig. 1 (a) M. arctica in native state; (b) M. arctica in desiccated state as viewed by SEM.

Photographs courtesy of K. Robinson and M. R. Worland. Animals are approximately 3 mm in

length
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0.36� 0.14 g/g dry weight (Fig. 3b). Recovery time from the semi-desiccated state

varied according to the level of desiccation attained (Fig. 3c) but even the most

desiccated animals, treated to �14�C, recovered within 9 h at 5�C.
These physiological and biochemical studies have now been combined with

gene and protein expression work in a functional genomics approach to further our

understanding of the cellular mechanisms which M. arctica uses to combat

a

b c

Fig. 2 Arctic field sites on Svalbard near the Ny-Ålesund Research Station. (a) Map data courtesy

of the Norsk Polar Institute; (b) Photographs of Krykkjefjellet; (c) Stuphallet courtesy of M.S.

Clark and G. Hillyard respectively
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desiccation stress during this remarkable cold hardening process. EST (expressed

sequence tag or gene transcription) analysis identified a number of candidate genes

putatively involved in desiccation, such as the aquaporins (transmembrane proteins

involved in water and glycerol transport) and heat shock proteins (Clark et al.

2007). This has now been expanded with more comprehensive microarray analyses

(Clark et al. 2009). However, this chapter will concentrate on three main areas of

study, where the integration between the physiology, biochemical and molecular

studies are strongest, namely trehalose as a cryoprotectant, antioxidant enzymes

and phospholipid fatty acid composition. These examples also demonstrate the

added value obtained by utilising such interdisciplinary approaches.

9.3 Trehalose as a Cryo/Anhydro Protectant

Apart from insects, as previously discussed, trehalose has also been found in

microorganisms, plants and invertebrates (nematodes, embryonic cysts of crusta-

ceans and tardigrades), but so far not in mammals (Benaroudj et al. 2001). The

mechanisms by which trehalose acts as an anhydroprotectant, preserving the func-

tionality of biomolecules, involve water replacement, glass formation and chemical

stability (Crowe et al. 1988). These are due to the presence of hydroxyl groups and

the chemical properties of trehalose. It is a non-reducing sugar with a low crystal-

lisation tendency. Therefore, trehalose can be accumulated in very high concentra-

tions because it has no capacity to reduce and damage other compounds. This is

particularly important during dehydration when water loss additionally increases

trehalose concentrations. Thus a colligative effect of a high trehalose concentration

is also present, lowering the freezing point of the body fluids allowing the animals

to supercool to as low as �35 to �40�C (Storey and Storey 1992). Trehalose has a

specific function in stabilising macromolecules and the membrane bi-layer struc-

ture and this is achieved via hydrogen bonds formed between trehalose and the

proteins or polar head groups of membrane lipids. These interactions have been

extensively described in anhydrobiotic systems (Crowe et al. 1987) and have been

confirmed for freezing preservation in studies with isolated membranes (Rudolf and

Crowe 1985). However, trehalose is also important during rehydration, when the

membrane changes from the gel to the liquid crystalline state. Such changes cause

membranes to become transiently leaky with a fatal loss of contents, but trehalose

prevents this transition occurring in the first place by acting as a water replacement

(Crowe et al. 1992).

Trehalose is commonly synthesised from glycogen, which in insects is stored in

the fat body (Avonce et al. 2006) in a process that is under hormonal control (Steele

1999). Previously, we showed that the induced desiccation of M. arctica is com-

bined with a rapid breakdown of glycogen, an increase in trehalose 6-phosphate

synthase activity and a concomitant accumulation of trehalose (Worland et al.

1998). Glycogen is a storage compound accumulated during the active feeding

stage in the summer and is converted to trehalose via glucose under dehydrating
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conditions (Fig. 4a). Trehalose concentration then increases as body water is lost

reaching a maximum of 60–80 mg/mg fresh weight at temperatures below �6�C
(Fig. 4b).

The pathway for trehalose synthesis includes several enzymes and input of high

energy phosphate from ATP. The formation of trehalose occurs in a two-step
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process from glucose-6-phosphate and UDP-glucose. Two enzymes are directly

involved in the synthesis of trehalose: trehalose-6-phosphate synthase and trehalose

6-phosphatase. Trehalose-6-phosphate synthase and UTP-Glu-1-phosphate uridy-

lyltransferase are thought to be one enzyme with two catalytic activities. Trehalose

is broken down by the enzyme trehalase into two molecules of glucose (Fig. 5).

Molecular studies inM. arctica revealed a further complexity to this pathway, with

the discovery of duplicated forms of trehalose-6-phosphate synthase (TPS) (Clark

et al. 2009).

9.3.1 Duplication of TPS Genes in M. arctica

Six EST clones were identified as showing sequence similarity to TPS using

database searches (Clark et al. 2009). However, further analysis showed that

these sequences differentiated into two distinct groupings (called contigs)

(Fig. 6a). Contig 1 showed most sequence similarity to TPS from the Oriental

migratory locust, whilst contig 2 more closely matched TPS from a Drosophila
species (Fig. 6b). In-depth comparison of the two paralogues was difficult due to the

fragmentary nature of the EST data; however, where both contigs overlapped the

same region of 100 amino acids, percentage identity was calculated as 42.1%. Gene

duplication is a common mechanism for increasing genome complexity and expan-

sion of functionality (Ohno 1970). The fate of duplicated genes within a genome is

complex, but retention tends to be accompanied by acquisition or partitioning of

function between the paralogues (commonly known as sub-functionalisation)

(Force et al. 1999). Indeed there is evidence of such in the TPS genes ofM. arctica
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with differing expression levels during the desiccation process (Fig. 7). Comparison

with other organisms highlighted a similar gene duplication in the nematode

C. elegans, an organism that accumulates trehalose in response to stressful conditions

TPS_1 1
TPS_2 1

HGLEILHSDGTKFVHPMPLAYEEKVRTLLKQLQEEACKE-----GAWVENKGAVLTFHYR
HGLDIQYADGEEYRHPVSAVHMAKLEDLSKDLN-ELCKEKDGITGAWVEKRGALLTFHYR

consensus    1 ***.*   **  . **.      *.  * * *..* ***.....***** .**.****** 

TPS_1       56 ETPLKSRPELIGKAEALMLQNGFNVGRGHCVLEARPPVLWNKGRASIYILRTAF
TPS_2       60 GVPGNLKSWLLEKASAIFATHGFTAHQAPMAFEAKPDIKWDKGRASIQILNKTH
consensus   61   *   .  *. ** *.    **    .    **.* . * ****** **     

Best database match Organism % amino acid
identity

TPS_1 A8D372 Locusta migratoria malinensis
Oriental migratory locust

86

TPS_2 B4I383 Drosophila sechellia
Drosophila species

66

a

b

Fig. 6 (a) Sequence alignment of the two TPS contigs identified in M. Arctica. Asterisks in

consensus line and dark shading of sequence indicate conserved amino acids with dots and pale
shading indicating semi-conservative changes. (b) Closest database matches to the twoM. arctica
TPS contigs annotated with amino acid percentage identities
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(Pellerone et al. 2003). C. elegans also processes multiple trehalase genes. Investi-

gation of the M. arctica ESTs produced three gene fragments with sufficient

difference between them (between 54.4 and 68.3% identity at the amino acid

level) to define them as potentially different paralogues (Fig. 8).

Although both organisms accumulate trehalose in response to stressful condi-

tions, why the duplication events have occurred and persisted is not clear from

RNAi knock-out experiments in C. elegans. No obvious short-term loss of function

was identified in the TPS engineered nematodes despite trehalose levels being

reduced to 7% of normal in the double knock-out experiments (Pellerone et al.

2003). A further puzzle is the recent identification of duplicated TPS genes in the

rotifer Brachionus plicatilis (Denekamp et al. 2009). This organism regularly

survives stressful conditions via the production of resting eggs, but does not appear

to accumulate trehalose under such conditions (Denekamp et al. 2009).

9.4 Reactive Oxygen Species and Antioxidant Enzymes

The molecular and biochemical basis of the cold hardiness strategies involve not

only the production of anti-freeze agents, but also the control of pathways for their

synthesis. Thus, some well-known biochemical regulatory mechanisms, such as the

change of enzyme levels and the action of allosteric effectors and covalent modifi-

cation of enzymes, are part of these adaptive processes. In recent years, the study

of cell signalling pathways clearly suggests that beside the classical hormones

and growth factors, the oxidants are the important determinants of well-adapted

organisms.

Respiration and oxygen consumption in aerobic cells is accompanied by gener-

ation of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), super-

oxide anion radical (O2
�) lipid peroxides and hydroxyl radicals. If not eliminated,

ROS propagate further oxidative processes leading to damage of cellular molecules

and resulting in disturbed homeostasis and cellular death (Hermes-Lima and

Zenteno-Savin 2002). Like other eukaryotes, insect and other arthropods possess

a suite of antioxidant enzymes, which protect their cells from the damaging effects

of ROS (Ahmad 1992). Antioxidant enzymes such as superoxide dismutase (SOD)

sb_008_02F17      1 QVINYLKKMAVLTFPSGVPTSLVHS-EQWDSSNGWAPLQSFMVQALERCGDREGKFLAFE
sb_009_04C10      1 RVIDYLNNSTALSFLSGVPASLTSSGEQWDFPNGWAPLQSFIVQGLERCKDERGKVMAFE
sb_006_01B14      1 RVMDYMRKIGATSYTSGIPSSLSHTGQQWDFPNGWAPSQSLVIQALEKSNVPEAKELAFD
consensus         1 .*..*......... **.*.**.....***..*****.**...*.**.. . ..* .**. 

sb_008_02F17     60 LADKWLRTNYETFYQTIPNSMFEKYDVTTIGLPGGGGEYDIQVG
sb_009_04C10     61 LASKWLRTNYVAFTETIPXSMFEKYDVTSVGLQGGGGEYVTQVG
sb_006_01B14     61 LAQRWVRTNYKSFYQSEPNHMFEKYDVTVDGLPGGGGEYDVVVG
consensus        61 ** .*.**** .*....*..********..**.******...** 

Fig. 8 Sequence alignment of the three trehalase sequences identified in M. arctica. Asterisks in
consensus line and dark shading of sequence indicate conserved amino acids with dots and pale
shading indicating semi-conservative changes
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participate in dismutating the O2
� radical to the peroxide and oxygen (2O2

�+H+

!H2O2 +O2, Fridovich 1978). Hydrogen peroxide is then converted to water and

oxygen (2H2O2! 2H2O+O2) by catalase (CAT). In insects, ascorbate peroxidase

(APOX) also scavenges hydrogen peroxide, but only at low concentrations (Cla-

varon-Mathews et al. 1997), which are not normally scavenged by CAT (which has

a high Km). In addition, a glutathione s-transferase (GST) (a detoxification enzyme

with peroxidase-like activity) decomposes hydroperoxides to lipid peroxides, using

reduced glutathione as a substrate (ROOH+ 2GSH!ROH+H2O+GSSG)

(Ahmad et al. 1991; Ahmad 1992). Oxidised glutathione is then reduced by

glutathione reductase (GR).

Water stress increases the formation of ROS (Hansen et al. 2006). This may be

minimised to a certain extent in M. arctica as trehalose has the added advantage of

being an antioxidant (Oku et al. 2003). Hence the accumulation of trehalose during

the cryoprotective dehydration process in M. arctica could be additionally impor-

tant in protecting proteins and unsaturated fatty acids from oxidation during

dehydration. On the other hand, the cellular antioxidant system mediates the

production of low to moderate concentrations of ROS as key regulators of many

intracellular pathways (Valko et al. 2007). ROS are involved in diverse physiologi-

cal responses affecting numerous cellular signalling pathways including gene

expression and physiological regulation (Dalton et al. 1999; Suzuki et al. 1997;

Halliwell and Gutteridge 2007). On the basis of the existing data that the H2O2

exposure of Candida albicans cells induces the intracellular accumulation of

trehalose (Benaroudj et al. 2001), we can speculate that this ROS could be involved

in the metabolically adjusted pathways for the cold resistance of M. arctica. Our
preliminary analyses of differentially expressed genes in M. arctica using Q-PCR

indicate the initial up-regulation of CAT in response to cold treatment, followed by

down regulation at �7�C (the latter result is mirrored in biochemical experiments

on animals maintained down to �20�C (Grubor-Lajšić, pers comm)). GST would

appear to be the major antioxidant of the three tested with strong up-regulation

during the desiccation process (Fig. 7). Thus revealing a role of antioxidants in

establishing redox homeostasis and potentially at a time point and level that may

trigger trehalose synthesis, as the main anhydro-protectant of M. arctica.

9.5 Phospholipid Fatty Acid Composition

In addition to accumulation of sugars and polyols, membrane phospholipids adjust-

ments to cold and drought are also recorded in insects (Bennett et al. 1997; Bayley

et al. 2001; Holmstrup et al. 2002; Bahrndorff et al. 2007; Michaud and Denlinger

2007). Bayley et al. (2001) proposed that acclimation of soil collembolans (Folso-
mia candida) to drought stress can induce changes in membrane lipid composition

that are typical for low temperature acclimation. This suggests that the mechanisms

of cold and drought have many similarities. These changes include the introduction

of unsaturated bonds into the fatty acids of membrane phospholipids decreasing the
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temperature for the transition from gel to liquid crystalline state (Hazel 1995). This

is part of the homeoviscous adaptation (HVA) of cellular membranes (Hazel 1995).

It is well known that in fully hydrated cells, membrane lipids are in a liquid

crystalline state (Luzzati and Husson 1962). The removal of water from the

hydration shell of phospholipid polar head groups of desiccation-sensitive cells

results in the compaction of the phospholipid molecules. This leads to a phase

transition into the gel phase, resulting in serious damage to the integrity of cell

membranes (Crowe and Crowe 1982, 1984). Therefore, HVA of cellular mem-

branes with the degree of fatty acid desaturation is crucial to enhance the cold

hardiness of organisms.

Our unpublished data on the composition of fatty acids of non-polar and polar

lipids of M. arctica in control (maintained at þ5oC) and cold-exposed (�2oC)

animals suggest changes that could be related to adaptive response to low tempera-

ture and lack of water. In response to cold the content of 16:1o7 (palmitoleic acid),

18:1o 9 (oleic acids) and 18:3o3 (a-linolenic acid) in the polar pool were signifi-

cantly increased. This resulted in an increase in the UFA/SFA (unsaturated fatty

acid/saturated fatty acid) ratio in cold exposed springtails compared with control

animals. The proportion of unsaturated fatty acids increasing as growth temperature

decreased was first reported in Escherichia coli (Marr and Ingraham 1962) and has

long been considered as an adaptive response to maintain the liquid crystalline

phase at low temperatures.

The enzymeD9-acyl-CoA desaturase plays an essential role in HVA by increasing

the ratio of unsaturated to saturated fatty acids in cell membranes and is expressed at

low temperatures in fish (Tiku et al. 1996), bacteria (Sakamoto and Bryant 1997),

plants (Vega et al. 2004) and insects (Kayukawa et al. 2007). Our finding of up-

regulation of a desaturase gene in cold exposed springtails suggests that it could

contribute to enhanced cold hardiness in M. arctica through the production of these

unsaturated fatty acids (Fig. 7). Indeed, Kayukawa et al. (2007) have already demon-

strated the role of this gene in cold hardiness, with an increase in the expression of the

Delia antiqua D9-acyl-CoA desaturase with cold hardiness treatments. This was

accompanied by a concomitant increase in the production of palmitoleic and oleic

acids (the presumed products of D9-acyl-CoA desaturase).

9.6 Summary

Integrated physiological, biochemical and molecular studies can dramatically

improve our understanding of organism environmental adaptations. They also

enable us to draw wider conclusions across whole taxa as to the cellular changes

needed to withstand environmental change. In the example ofM. arctica, presented
here, these encompass cryoprotectants, antioxidant enzymes and membrane phos-

pholipids, all of which have been identified in other species undergoing similar

desiccation-type processes. However, to expand our knowledge of the desiccation

gene repertoire, high throughput genomics techniques, such as the use of microarrays,
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are required. These enable the identification of many genes at any one time,

including putative novel candidate sequences, which can then be subjected to

functional analyses. These studies are currently in progress in our laboratory, not

only in M. arctica, but also in other springtails, such as Cryptopygus antarcticus,
which survive extreme cold by other physiological mechanisms. Our aim is to

understand how insects survive in the harsh polar environments across a range of

scales from single genes through whole animal physiology to ecosystem interac-

tions using multi-disciplinary approaches.
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Chapter 10

A Molecular Overview of Diapause in Embryos

of the Crustacean, Artemia franciscana

Zhijun Qiu and Thomas H. MacRae

Abstract Diapause-destined embryos of Artemia franciscana arrest as gastrulae

and are enclosed within a chitinous shell to form cysts. Upon release from females

encysted embryos enter diapause, becoming essentially ametabolic and very stress

tolerant. An objective of our research is to characterize the molecular mechanisms

of diapause initiation and maintenance. Subtractive hybridization was therefore

used to identify up-regulated genes in diapause-destined Artemia embryos and

these were divided into functional categories including cellular growth and stress

tolerance, metabolism, and genetic and environmental information processing. Of

particular interest mRNA for p8, a stress-inducible transcription co-factor,

increased early in diapause-destined Artemia embryos, representing one of the

few transcription co-factors known to be up-regulated during diapause. mRNAs

encoding the three small heat shock proteins p26, ArHsp21, and ArHsp22 were also

up-regulated and these proteins may promote diapause maintenance by enhancing

stress tolerance. The work has revealed proteins potentially crucial to diapause,

a physiological condition of fundamental and applied significance.

10.1 Introduction

10.1.1 Diapause

The ability to reversibly arrest growth by entering a dormant or semidormant state

while increasing innate tolerance to environmental and physiological stress is

known as diapause (Hairston 1998; MacRae 2005). Insects undergo diapause
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(Denlinger 2002; Koštál 2006; Hahn and Denlinger 2007; Koštál et al. 2008;

Sim and Denlinger 2008), as do crustaceans (Hairston 1998; MacRae 2003,

2005; Tarrant et al. 2008), other invertebrates such as Caenorhabditis elegans
(Baumeister et al. 2006; Fielenbach and Antebi 2008) and tardigrades (Guidetti

et al. 2008), fish (Podrabsky and Somero 2007), and mammals, the latter as delayed

embryo implantation (Hamatani et al. 2004; Lopes et al. 2004). Diapause is divided

into phases termed initiation, maintenance, and termination (Koštál 2006) and it is

defined by several characteristics not all of which pertain to every organism that

enters this condition. As described by Hairston (1998), two primary characteristics

of diapause are neurohormonal control, or in broader terms, initiation by signals

originating within organisms, and the persistence of reduced metabolism in situa-

tions that normally promote growth. Other properties of diapause include dimin-

ished changes in morphology, greater stress tolerance, behavioral modifications,

occurrence at genetically predetermined developmental times, and complete devel-

opment of requisite diapause characteristics in advance of exposure to adverse

conditions (Hairston 1998). Achieving this altered physiological state is an active

process governed by specific patterns of gene expression yielding changes in

key cellular properties including metabolic activity, growth, and stress tolerance

(Fig. 10.1).

Organisms in diapause and quiescence possess similar characteristics with the

major difference being that quiescence terminates immediately upon return to a

favorable environment without the need for an activation step such as desiccation

or low temperature, as required to end diapause (MacRae 2003; Guidetti et al.

2008). Interestingly, the initiation of both quiescence and diapause involves the

up-regulation of p8, a stress-inducible transcription co-factor, and proteins asso-

ciated with BRCA2, a suppressor of cell growth (Qiu et al. 2007; Qiu and MacRae

2007; Sambasivan et al. 2008). Such observations suggest there are mechanistic

similarities between these two events at the molecular level with entry into and

maintenance of quiescence seen as active processes which need reprogramming of

gene expression and adjustment of cell protein composition, just as for diapause.

10.1.2 Artemia franciscana Life History

The brine shrimp A. franciscana is a Branchiopod crustacean found in extremely

saline environments where fluctuations in food, oxygen, temperature, irradiation,

and water availability occur routinely. Artemia survive unpredictable habitats

because they possess a complex life history with embryos developing either ovo-

viviparously or oviparously (Liang and MacRae 1999; Clegg and Trotman 2002;

MacRae 2003). Subsequent to fertilization ovoviviparous embryos undergo unin-

terrupted development and they are released from females in approximately 5 days

as swimming nauplii or larvae. In contrast, oviparous embryos cease development

at gastrulation, a chitinous shell permeable only to water and gasses surrounds the

embryo forming a cyst that exits the female, a process that also takes about 5 days
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(de Chaffoy et al. 1978; MacRae 2003; Tanguay et al. 2004). Within several days of

discharge, cyst metabolic activity declines to a level difficult to detect experimen-

tally (Clegg 1997; Clegg and Jackson 1998). Thus, for Artemia, attaining profound

dormancy associated with diapause requires suppression of growth and cell division

followed by inhibition of metabolic activity, related processes that for convenience

can be considered respectively as developmental and metabolic diapause. Contingent

with achieving diapause, and during postdiapause growth, encysted Artemia
embryos are exceptionally resistant to environmental and physiological stress a

capability undoubtedly critical for survival upon exposure to harsh habitats. As one

example, completely hydrated, encysted, postdiapause Artemia embryos held at

ambient temperature endure anoxia for as long as 4–6 years, a condition that kills

most metazoans (Clegg 1997, 2007; Clegg et al. 2000). Possession of such char-

acteristics suggests Artemia is well suited as a model system for the study of

molecular mechanisms that regulate entry into and maintenance of diapause and

Fig. 10.1 A model of diapause initiation and maintenance. Biotic and/or abiotic signals activate

transcription factor gene expression during diapause initiation and maintenance thereby rendering

proteins that modulate the expression of other genes, some of which encode transcription factors.

Consequently, the expression of other genes is either up- or down-regulated leading to protein

changes that affect growth and development, apoptosis, metabolic shifts, and stress tolerance.

Control is likely to involve kinase/phosphatase cascades, but little evidence to support this

proposal is available. ROS reactive oxygen species. From Qiu et al. (2007)
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quiescence. Consequently, we have used subtractive hybridization to examine gene

expression in Artemia embryos 2 days postfertilization (Qiu et al. 2007), the purpose

being to recognize proteins that influence diapause initiation and maintenance.

10.2 Gene Expression During Diapause

10.2.1 Identification by Subtractive Hybridization of
Differentially Regulated Genes in Diapause-Destined
Artemia Embryos

The molecular signals that initiate diapause are unknown for the most part, but

encysting embryos of A. franciscana undergo a developmental program where cell

division and metabolic activity are inhibited. Moreover, cysts acquire stress toler-

ance which contributes to diapause maintenance. The realization of mechanistic

processes that promote diapause initiation in Artemia embryos is likely to depend

on the expression of genes not transcribed in other life history stages. Moreover, the

protein products encoded by up-regulated genes, including transcription factors or

signaling molecules, may persist in cells beyond initiation and mediate diapause

maintenance and termination. This possibility does not, of course, preclude the

differential expression of genes responsible for maintenance and termination at

other times in the diapause developmental program.

The objective of the work to be described was to characterize differential gene

expression in A. franciscana during diapause initiation and maintenance. Subtractive

hybridization was used to examine mRNA populations in oviparous (diapause-

destined) vs. ovoviviparous (nauplii-destined) embryos (Qiu et al. 2007), an experi-

mental approach employed successfully to describe gene expression in diapausing

Calanus finmarchicus (Tarrant et al. 2008) and Culex pipiens L. (Robich and

Denlinger 2005; Robich et al. 2007). Subtractive hybridization yielded 85

up-regulated cDNAs (genes/mRNAs) in diapause-destined Artemia embryos

identifiable by comparison to sequences in GenBank (Table 1 in Qiu et al. 2007).

The cDNAs represented 55 different deduced proteins which were divided into four

categories by application of KEGG PATHWAY found at www.genome.ad.jp/keg/

pathway.html (Fig. 10.2). These included proteins that participate in metabolic

activities, cellular processes such as growth and stress tolerance, genetic informa-

tion processing which focused predominantly on protein synthesis, and environ-

mental information processing or gene regulation. Of the 1,128 sequenced isolates

obtained by subtractive hybridization 424 (36.7%) encoded unidentified proteins

and 299 (26.5%) represented hypothetical proteins. The large reservoir of unidenti-

fied proteins implies that the diapause program is mechanistically complex and that

study of this process will provide interesting insights into gene expression and

physiological adaptation.
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The up-regulation of selected mRNAs in diapause-destined Artemia embryos

was validated by semiquantitative PCR (Fig. 10.3). Of those mRNAs tested, 17

were shown to be up-regulated but 4 were down-regulated (Table 10.1), demon-

strating that false positives are obtained by subtractive hybridization and showing

the need for verification of results by alternative experimental approaches. Tran-

scripts represented by 12 cDNAs failed to amplify by PCR (Qiu et al. 2007). The

probable reason these mRNAs did not amplify is that primers were inappropriate

for PCR conditions, but this has yet to be investigated.

Several of the mRNAs identified by subtractive hybridization are of particular

relevance within the scheme (Fig. 10.1) proposed for diapause initiation and

maintenance and some have been studied in our laboratory. p8, also known as

nuclear protein 1 (NUPR1) (Chowdhury et al. 2009) or candidate of metastasis-1

(com 1) (Ree et al. 1999), is a stress-inducible basic helix–loop–helix transcription

co-factor (Mallo et al 1997; Qiu and MacRae 2007) with the potential to differen-

tially control gene expression. Three small heat shock proteins (sHSPs), molecular

chaperones known for preventing stress-induced irreversible protein denaturation

and cell death by apoptosis (Sun and MacRae 2005a; Haslbeck et al. 2005), were

recognized and they are likely to function in diapause maintenance. The Artemia
sHSPs include p26-like, renamed ArHsp21 (Qiu and MacRae 2008a), Hsp16-like,

renamed ArHsp22 (Qiu and MacRae 2008b) and p26, an Artemia cyst-specific

sHSP (Jackson and Clegg 1996; Liang and MacRae 1999; Sun et al. 2004, 2006;

Qiu et al. 2006; Villeneuve et al. 2006).

Other mRNAs were distinguished by subtractive hybridization and characterized

by semiquantitative PCR, but unlike the mRNAs just mentioned their protein

Fig. 10.2 cDNAs and proteins from diapause-destined Artemia embryos. Proteins identified by

subtractive hybridization in diapause-destined Artemia embryos were divided into functional

categories using KEGG PATHWAY at www.genome.ad.jp/keg/pathway.html. Adapted from

Qiu et al. (2007)
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products remain to be examined. The up-regulation of mRNA encoding Takeout, a

hemolymph juvenile hormone binding protein able to modulate insect development

by interacting with juvenile hormone (Noriega et al. 2006; Saito et al. 2006),

suggests hormonal influences on Artemia diapause. BRAC1 associated protein-1,

an ubiquitin carboxy-terminal hydrolase with tumor suppressor activity (Jensen and

Rauscher III 1999; Mullan et al. 2006), potentially inhibits cell growth and division,

thus contributing to cessation of embryogenesis, an early step in the Artemia
diapause developmental program. Unexpectedly, the putative tumor suppressors

N33 protein (MacGrogan et al. 1996; Ahuja et al. 1998) and the QM protein/

ribosomal protein L10 (Oh et al. 2002; Park and Jeong 2006) are down-regulated

in Artemia, not what is expected if they promote cessation of embryo development.

However, QM protein/ribosomal L10 protein binds with the SH3 domain of Src

kinases such as c-Yes and decreases their activity. Consequently, reduced amounts

of QM protein/ribosomal protein L10 may lead to increased Src-like kinase activity

thereby directing signaling pathways that shape diapause initiation and mainte-

nance. Neuralized-like protein 2, an E3 ubiquitin ligase similar to BRAC1, reg-

ulates the Notch signaling pathway in insects (Hu et al. 2005; Song et al. 2006).

a

c d

b

Fig. 10.3 Gene expression in diapause-destined Artemia embryos. RT-PCR products obtained by

amplification of RNA from nauplii- (left lane in each pair) and diapause- (right lane in each pair)

destined Artemia embryos at 2 days postfertilization were electrophoresed in 1.5% agarose gels

and stained with Gel Star. (a) Environmental information processing: 1, p8; 2, Takeout; 3, N33

protein; 4, FLI-LRR associated protein 1. (b) Cellular processes: 5, BRCA1 associated protein-1;

6, p26-like; 7, neuralized-like protein 2; 8, Hsp16-like; 9, CDK5 activator binding protein (a weak

band was visible in the right lane); 10, RNA binding protein (a weak band was visible in the left
lane). (c) Genetic information processing: 11, Erv1-like growth factor (a weak band was visible in

the right lane); 12, QM protein, ribosomal protein L10. (d) Metabolism: 13, glucose-6-phosphate

isomerase; 14, aldehyde dehydrogenase; 15, steroid dehydrogenase; 16, dimeric dihydrodiol

dehydrogenase; 17, cytochrome P450; 18, uncoupling protein; 19, chitin binding protein

(DW678180); 20, chitin binding peritrophin-A precursor (DW678202); 21, chitin binding protein

(DW678209). Accession numbers differentiate chitin binding proteins. Size markers in base pairs

are on the left. Tub, tubulin. From Qiu et al. (2007)
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The relationship to Notch evokes a role for neuralized-like protein 2 in suppression of

macromolecular synthesis and cell division in diapause-destined Artemia embryos.

The largest cluster of up-regulated mRNAs detected by subtractive hybridization

is housed in the metabolism category (Table 1 in Qiu et al. 2007). The up-regulation

of nine mRNAs in this group was confirmed by PCR (Table 10.1), but their protein

products have not been studied. Diapause-destined Artemia embryos remain meta-

bolically active in the brood sac and for several days after release from females, with

changes in metabolism occurring when development plays out. For example, the up-

regulation of glucose-6-phosphate isomerase mRNA indicates greater reliance on

glycolysis as cysts mature and enter diapause. By comparison, the northern house

mosquito Culex pipiens undergoes a metabolic switch as adult females change from

blood feeding to sugar utilization and lipid accumulation during diapause (Robich

and Denlinger 2005). mRNAs for steroid dehydrogenase and cytochrome P450,

enzymes capable of steroid modification (Bishop et al. 2006; Lukacik et al. 2007),

increase in diapause-destined Artemia embryos. Therefore, hormonal regulators

which have prominent roles in insect diapause (Denlinger 2002; MacRae 2005;

Jing et al. 2007; Singtripop et al. 2008) could mold diapause in Artemia embryos,

although there is no direct evidence to support this proposal. The up-regulation of

mRNAs encoding dimeric dihydrodiol dehydrogenase and chitin binding proteins

was observed and they may mediate formation of the chitin-enriched cyst shell.

Changes in metabolic enzymes have the potential to shift catabolic and anabolic

activities in Artemia embryos thus governing diapause initiation and maintenance.

10.2.2 Other Examples of Diapause-Dependent Gene
Regulation in Arthropods

The mosquito C. pipiens undergoes adult diapause in response to decreasing tem-

perature, day length shortening, and reduced juvenile hormone (Robich et al. 2007).

Except for a sHSP mRNA, there is little similarity between modified transcripts

identified during A. franciscana embryo diapause (Table 10.1, Fig. 10.3) (Qiu et al.

2007) and C. pipiens adult diapause (Robich and Denlinger 2005; Robich et al.

2007). There are parallels between functional categories, but this is difficult to

escape due to the general nature of the groups used to partition mRNAs. Addition-

ally, even though the most extensive analyses of differential gene expression during

arthropod diapause have been accomplished for A. franciscana and C. pipiens, the
number of mRNAs (genes) identified, especially when the complexity of changes

experienced by diapausing organisms is considered, is limited. Diapause in the flesh

fly Sarcophaga crassipalpis has also been extensively characterized with much of

the data describing modifications of heat shock proteins (Denlinger 2002; Hayward

et al. 2005; Fujiwara and Denlinger 2007; Li et al. 2007; Rinehart et al. 2007).

Diapause in the copepod C. finmarchicus involves a developmental delay where

molting ceases and preadult C5 copepodids move deeper into the ocean, limit their

metabolic activity, and consume stored lipids (Tarrant et al. 2008). As determined
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by suppressive subtractive hybridization and quantitative real-time PCR the genes

encoding ferritin and the ecdysteroid receptor are up-regulated in diapausing

Calanus. Up-regulation of ferritin, a metal chelating protein, was proposed to shield

against oxidative damage and perhaps delay development by binding iron, whereas

increased ecdysteroid receptor, a transcription factor activated by ecdysteroid bind-

ing, implies endocrine control (Johnson 2003; Tarrant et al. 2008). The inability to

induce copepod diapause in the laboratory limits molecular analysis at this time, but

the study of natural populations has produced useful data, and as for Artemia the

results suggest a regulatory role for steroid hormones. A ferritin homologue termed

artemin is produced in diapausing Artemia. Artemin does not bind metals and it is

thought to be a molecular chaperone, an activity shared by ferritin (Chen et al. 2003,

2007). It will be interesting to learn if C. finmarchicus ferritin is a chaperone.

mRNA characterization, whether by subtractive hybridization or other meth-

odologies, indicates genes with potential roles in diapause initiation and mainte-

nance, thereby suggesting avenues for further work. For example, the presence

within cells of protein products encoded by identified genes/mRNAs can be studied

revealing if the mRNA has been translated. It is possible to search for proteins after

their corresponding mRNAs have disappeared revealing aspects of protein stability

and influence not possible to see by examining mRNA only. Moreover, studies

focusing on mRNA detection and quantification do not provide a definitive demon-

stration of gene expression at a particular time, only that the gene was expressed.

Thus, in studies designed to elucidate mechanistic aspects of diapause it is impor-

tant to consider the proteome, but even this is limited unless protein function is

demonstrated at the time and intracellular location of interest. There are effective

ways to address issues of protein function, including knock down by RNAi, gene

knock out, and analysis of mutations. The method of choice will vary and unpub-

lished data generated in my laboratory by the application of RNAi technology is

proving useful for the functional analysis of proteins encoded by mRNAs up-

regulated in diapause-destined embryos of Artemia.

10.3 p8, a Transcription Co-factor Up-regulated Early

in Artemia Diapause

10.3.1 Characterization of p8

Protein products of mRNAs up-regulated in diapause-destined Artemia embryos at

2 days postfertilization have been characterized. The first of these is p8, a stress-

inducible, basic helix–loop–helix transcription co-factor with a bipartite nuclear

localization signal indicative of proteins that enter nuclei (Fig. 10.4) (Qiu and

MacRae 2007). Similar transcription co-factors occur in mammalian cells (Mallo

et al. 1997; Vasseur et al. 1999; Jones 2004; Valacco et al. 2006). The deduced

amino acid sequence of Artemia p8 consists of 66 residues and in comparison

to mammalian p8 it, as well as other p8 proteins from invertebrates, exhibits an
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amino-terminal deletion (Fig. 10.4). The missing residues encompass a PEST motif

thought to enhance ubiquitin-dependent protein degradation (Goruppi and Kyriakis

2004), and its absence suggests stabilization of Artemia p8.

10.3.2 Developmental Regulation of p8 in Artemia Embryos

The amount of p8 mRNA in Artemia embryos was measured by quantitative PCR

demonstrating an abrupt rise at day 1 postfertilization in diapause-destined embryos

followed by a gradual decline until the mRNA had all but disappeared prior to cyst

release (Fig. 10.5). In contrast, p8 mRNA did not increase in Artemia embryos

developing directly into nauplii (Fig. 10.5). The disappearance of p8 mRNA

a

b

Fig. 10.4 Sequence of Artemia p8. (a) The complete Artemia p8 cDNA and deduced amino acid

sequences. Boxed C and A, transcription start sites; boxed ATG, translation start site; boxed TGA,
stop codon; boxed AATAAA, polyadenylation signal; shaded ATTTA, sequences indicative of

rapidly degraded mRNAs. (b) p8 amino acid sequences from mosquito (XP_315506), fly

(NP_609539), rat (AAB94673), mouse (NP_062712), human (AAC19384), and frog

(BAB33387) were compared by ClustalW to Artemia (shrimp) p8 (ABD19714). Asterisk identical
residue; colon, conserved substitution; dot, semi-conserved substitution. Basic, helix I, loop, and

helix II motifs are boxed; NLS nuclear localization signal with key basic residues shaded in

Artemia p8. Adapted from Qiu and MacRae (2007)
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indicates that this transcription co-factor regulates gene expression early in dia-

pause and has less influence later in development. To test this idea antibody raised

to p8 purified from transformed bacteria was used to probe cell-free extracts of

Artemia embryos collected at daily intervals postfertilization. p8 was observed only

in diapause-destined embryos, but unlike p8 mRNA, the protein remained in

embryos until their discharge from females (Fig. 10.6). Persistence in embryos

extends the potential influence of p8 to diapause maintenance and termination, a

conclusion that would not have been possible if only mRNA were examined.

Immunofluorescent staining disclosed p8 in nuclei from cysts but not in nuclei

from second instar larvae arising from cysts (Qiu and MacRae 2007). This result, in

concert with the absence of p8 in nauplii-destined embryos, indicates that p8

regulates the expression of genes within the diapause developmental program, but

perhaps not beyond this point.

10.3.3 Diapause-Related Transcription Factors in Organisms
Other than Artemia

The best studied diapause-associated transcription factors are DAF-12 and DAF-

16/FOXO (forkhead transcription factor) in C. elegans (Baumeister et al. 2006;

Fig. 10.5 p8 mRNA during Artemia embryo development. p8 mRNA from Artemia embryos was

measured at daily intervals postfertilization by quantitative PCR using Artemia a-tubulin mRNA

as standard. Light and dark shaded bars, p8 mRNA in nauplii- and diapause-destined embryos,

respectively. From Qiu and MacRae (2007)
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Fielenbach and Antebi 2008), an organism that enters diapause (dauer) in response

to crowding and/or nutrient limitation. Additionally, as indicated by RNAi, the

transcription factor FOXO regulates lipid sequestering in C. pipiens, a process

essential to diapause in this organism (Sim and Denlinger 2008). Other transcrip-

tion factors observed in diapausing insects are POU, which may modulate synthesis

of pheromone biosynthesis-activating neuropeptide and diapause hormone (Zhang

et al. 2004), and an ETS homologue (Suzuki et al. 1999), both in Bombyx mori.
A basic helix–loop–helix protein named Har-DHMBP-3, thought to influence

production of the same proteins as POU, was identified in Helicoverpa armigera.
Transcription factors affecting delayed implantation were also tentatively recog-

nized by differential gene expression (Hamatani et al. 2004; Lopes et al. 2004) but

their functions are unknown.

p8 is the first transcription factor proposed to have a role in crustacean diapause.

In other biological systems p8 promotes expression of genes that suppress cell

growth (Malicet et al. 2003; Jiang et al. 2006) and apoptosis (Giroux et al. 2006),

although opposite effects have been reported (Vasseur et al. 2002; Malicet et al.

2006). Inhibition of cell growth and apoptosis by p8-dependent gene regulation, if it

were to occur, is important to Artemia diapause because embryo development must

halt at gastrulation and prevention of death offers additional protection to cells.

Additionally, the gene encoding p26, a diapause specific, abundant sHSP has a

basic helix–loop–helix transcription factor interaction site (Qiu et al. 2006) sug-

gesting p8 regulates mRNA production and ultimately, synthesis of proteins impor-

tant in diapause maintenance.

a

b

c

d

Fig. 10.6 p8 in Artemia embryos. Protein extracts prepared from diapause-destined (a, b) and

nauplii-destined (c, d) Artemia embryos at daily intervals postfertilization were electrophoresed in

SDS polyacrylamide gels and either stained with Coomassie blue (a, c) or transferred to nitrocel-

lulose and probed with antibody to p8 (b, d). Lanes 1–6, day 0 (fertilization) to day 5 postfertiliza-

tion. All lanes received 30 mg of protein. p8 had a molecular mass of approximately 8.0 kDa. M,

molecular mass markers of 116.0, 66.2, 45.9, 35.0, 25.0, 18.4, and 14.4 kDa. Adapted from Qiu

and MacRae (2007)
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10.4 sHSPs and Diapause Maintenance in A. franciscana

10.4.1 Artemia sHSPs

mRNAs encoding the sHSPs p26, ArHsp21, and ArHsp22 are up-regulated during

development of diapause-destined Artemia embryos (Table 10.1; p26, a well

characterized sHSP, was identified by subtractive hybridization but not included

in the table). Deduced amino acid sequences of the Artemia sHSPs, each obtained

by cloning of cDNAs, have conserved a-crystallin domains but divergent flanking

amino- and carboxy-terminal regions (Fig. 10.7). p26 possesses 29% identity and

51% similarity to ArHsp21 and 38% identity and 50% similarity to ArHsp22,

whereas ArHsp21 and ArHsp22 share 27% identity and 52% similarity. Several

other Artemia sHSPs properties are compared in Table 10.2 (Liang et al. 1997;

Liang and MacRae 1999; Sun et al. 2004, 2006; Qiu and MacRae 2008a, b).

Of note, each Artemia sHSP possesses a highly conserved arginine within the

a-crystallin domain, a distinction of most sHSPs (Sun and MacRae 2005a). Substi-

tution of the conserved arginine with another residue is associated with several

mammalian diseases and generally has a significant effect on sHSP structure and

function (Sun and MacRae 2005a, b), as is true for p26 (Sun et al. 2006). The

Artemia sHSPs have conserved amino-terminal WXDPF motifs which are dupli-

cated only in ArHsp22 and each sHSP has a carboxy-terminal I/VXI/V motif

thought to facilitate monomer–monomer association. All Artemia sHSPs oligomer-

ize (Crack et al. 2002; Sun et al. 2004; Qiu and MacRae 2008a, b) as is common for

Fig. 10.7 Alignment of Artemia sHSPs. The deduced amino acid sequences of p26 (AF031367),

ArHSP21 (ABD19712), and ArHsp22 (ABD19713) were aligned by CLUSTALW. Asterisk
identical residues; :, conserved substitution; ., semi-conserved substitution. The a-crystallin
domain is shaded as are amino-terminal arginines in ArHsp22 and p26. Amino-terminal

WXDPF-like motifs, highly conserved arginines in a-crystallin domains, and carboxy-terminal

I/VXI/V motifs are boxed. Adapted from Qiu and MacRae (2008b)
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sHSPs, and all exhibit molecular chaperone activity as demonstrated in vitro by

inhibiting heat-induced denaturation of citrate synthase (Fig. 10.8a) and reduction-

induced denaturation of insulin at room temperature (Fig. 10.8b). p26 confers

thermotolerance on transformed bacteria (Liang and MacRae 1999; Crack et al.

2002) and transfected mammalian cells (Villeneuve et al. 2006) but this has not

been tested for ArHsp21 and ArHsp22. Overall, the Artemia sHSPs are similar to

one another and to sHSPs from other organisms and they are likely to protect

proteins within embryos from irreversible stress-induced denaturation.

10.4.2 sHSP Synthesis and Localization in Diapause-Destined
Artemia Embryos

The synthesis and accumulation of p26, which represents about 10% of soluble

protein in Artemia cysts, have been well documented (Jackson and Clegg 1996;

Liang and MacRae 1999; MacRae 2003; Qiu et al. 2006). Probing of northern blots

revealed p26 mRNA at day 2 postfertilization in diapause-destined embryos but not

in embryos developing directly into nauplii (Liang and MacRae 1999). Analysis by

real-time PCR, a more sensitive technique, disclosed a small quantity of p26 mRNA

in nauplii-destined embryos at days 2 and 3 postfertilization but none later in

development (Qiu et al. 2006). p26 first appeared at day 3 postfertilization in

diapause-destined Artemia embryos but the protein was never observed in ovovi-

viparously developing embryos (Jackson and Clegg 1996; Liang and MacRae

1999). p26 localizes to cyst nuclei and cytoplasm under stress and nonstress

conditions implying that proteins in both cell compartments are clients of this

chaperone (Clegg et al. 1995; Liang and MacRae 1999; Willsie and Clegg 2001).

Table 10.2 Comparison of Artemia sHSPs

Artemia sHSPs

Characteristic p26 ArHsp21 ArHsp22

Length (amino acids) 192 181 190

Molecular mass (kDa) 20.8 21.1 22.4

a-Crystallin domain þ(61–152) þ(70–162) þ(74–168)

Conserved arginine þ(114) þ(123) þ(130)

Arginine enriched amino-terminus þ � þ
WXDPF motif þ

(17–21)

þ
(27–31)

þ
(15–19)

(31–35)

I/VXI/V motif þ(154–156) þ(161–163) þ(170–172)

Oligomerization þ þ þ
Chaperone activity þ þ þ
Nuclear localization þ � þ
Heat Induced � � þ(Adults)

Developmentally regulated þ þ þ
Numbers in brackets positions of amino acid residues; (Adults) heat induced expression of

ArHsp22 occurred only in adults; þ characteristic is observed; � characteristic is not observed
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ArHsp21 and ArHsp22 accumulation in developing embryos was initially inves-

tigated by using real-time PCR to quantify their respective mRNAs (Qiu and

MacRae 2008a, b). During development of diapause-destined embryos, ArHsp21

mRNA increased from day 2 postfertilization onward, peaking at day 5, whereas in

nauplii-destined embryos ArHsp21 mRNA rose marginally by day 3 and then

decreased (Fig. 10.9). ArHsp22 mRNA also increased substantially in postfertiliza-

tion diapause-destined embryos, but during nauplii-destined development only a

a b

Fig. 10.8 Chaperone activity of Artemia sHSPs. (a) Purified Artemia sHSPs produced in trans-

formed bacteria were incubated with 150 nM citrate synthase at 43oC and turbidity was measured

at A360. The curves in graphs labeled ArHsp22 and ArHsp21 represent: 1, no sHSP added;

2, 37.5 nM sHSP; 3, 75 nM sHSP; 4, 150 nM sHSP; 5, 300 nM sHSP; 6, 600 nM sHSP. The curves
in the graph labeled Control represent: 1, no sHSP added; 2, 600 nM bovine immunoglobulin; 3,

600 nM bovine serum albumin; 4, 300 nM p26; 5, 600 nM p26. (b) Purified Artemia sHSPs

produced in transformed bacteria were incubated with 4 mM insulin at 25oC and turbidity increases

were measured at A400 upon addition of dithiothreitol. The curves in graphs labeled ArHsp22 and

ArHsp21 represent: 1, no sHSP added; 2, 0.1 mM sHSP; 3, 0.2 mM sHSP; 4, 0.4 mM sHSP; 5,

0.8 mM sHSP; 6, 1.6 mM sHSP. Curves in the graph labeled Control represent: 1, no sHSPs added;
2, 1.6 mMbovine immunoglobulin; 3, 1.6 mMbovine serum albumin; 4, 1.6 mM p26. Adapted from

Qiu and MacRae (2008a, b)
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very small amount of ArHsp22 mRNA was observed at days 2 and 3 postfertiliza-

tion (Fig. 10.9). ArHsp22 mRNA was about 35% more abundant than ArHsp21

mRNA in diapause-destined Artemia embryos.

Detection of sHSPs in embryos was made possible by preparation of antibodies

that specifically recognize each of the Artemia sHSPs (Qiu and MacRae 2008a, b).

ArHsp21 was first noted in diapause-destined Artemia embryos at day 3 postferti-

lization by immunoprobing of western blots. The protein bands representing

ArHsp21 at days 3 and 4 postfertilization were similar in staining intensity, but

weaker than at day 5, whereas the protein was not detected in embryos developing

directly into nauplii (Fig. 10.10a, b, d, e). ArHsp22 initially appeared in cell-free

extracts of diapause-destined embryos prepared at day 3 postfertilization with the

staining of protein bands equally strong at days 4 and 5, but the protein was not

seen in nauplii-destined embryos (Fig. 10.10a, c, d, f). ArHsp21 and ArHsp22

disappeared early in postdiapause development, presumably due to proteolytic

degradation (Fig. 10.10g–i) and suggesting, as for p26, that these proteins accu-

mulate specifically for diapause-related functions. ArHsp22 synthesis is, how-

ever, induced by heat in adult males, but not in other Artemia life history stages

tested, making this the only known example of a crustacean sHSP whose produc-

tion is both developmentally regulated and stress inducible (Qiu and MacRae

2008b). Accumulation in cysts but not nauplii corroborates the proposal that p26,

ArHsp21, and ArHsp22 contribute to diapause maintenance, perhaps protecting

cells by preventing irreversible protein denaturation upon exposure to detrimental

environmental circumstances. In addition to this shared activity, the Artemia sHSPs
may each have novel beneficial functions that contribute to maintenance of the

organism during diapause, with inhibition of apoptosis by p26 as an example

(Villeneuve et al. 2006).

Fig. 10.9 ArHsp21 and ArHsp22 mRNA accumulation during Artemia embryo development.

Artemia embryo RNA prepared daily postfertilization was reverse-transcribed and ArHsp21 and

ArHsp22 mRNAs were quantified by real-time PCR using a-tubulin as the internal standard. Gray
bars, diapause-destined embryos; black bars, nauplii-destined embryos. Adapted from Qiu and

MacRae (2008a, b)
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10.4.3 Diapause-Related sHSPs in Organisms Other
than Artemia

sHSP gene expression is activated in several organisms during diapause and

mRNA encoding Hsp12.6 is the most highly up-regulated transcript during

C. elegans dauer (Jones et al. 2001). The flesh fly S. crassipalpis undergoes

pupal diapause and accrues a number of sHSPs along with their corresponding

transcripts (Denlinger 2002; Li et al. 2007; Rinehart et al. 2007). The sHSPs build

up in the absence of stress induction, as occurs in diapause-destined Artemia
embryos, and they confer survival to cold temperatures, an asset for insects which

over-winter in diapause. In contrast to these findings, diapause in other insects is

not accompanied by sHSP synthesis. For example, adult diapause in Drosophila
triauraria (Goto and Kimura 2004) and larval diapause in Lucilia sericata
(Tachibana et al. 2005) do not entail synthesis and accumulation of sHSPs, and

in C. pipiens augmentation of sHSPs during diapause is low (Robich et al. 2007).

The reasons for organismal variation in sHSP synthesis during diapause are

unknown, but potentially reflect the life history stage at which diapause occurs,

the degree of dormancy attained, and the level of stress tolerance. Because

Artemia enters profound dormancy early in development, exhibits exceptional

metabolic decline, and has a level of stress tolerance unequaled in most metazo-

ans, it could require several different sHSPs, some in abundance. On the other

hand, the survival of organisms that undergo diapause later in development and

remain partially active requires smaller amounts of sHSPs.

a d g

b
c

e

f
h
i

Fig. 10.10 ArHsp21 and ArHsp22 during Artemia development. Protein extracts prepared from

Artemia embryos at daily intervals postfertilization were electrophoresed in SDS polyacrylamide

gels and either stained with Coomassie blue (a, d) or blotted to nitrocellulose and stained with

antibodies to ArHsp21 (b, e) and ArHsp22 (c, f). (a–c), diapause-destined embryos; (d–f), nauplii-

destined embryos. Lane 1, day 0; 2, day 1; 3, day 2; 4, day 3; 5, day 4; 6, day 5. 30 mg of protein

was loaded in each lane. (g–i) Protein extracts were prepared from postdiapause Artemia in the

presence of protease inhibitors and electrophoresed in SDS polyacrylamide gels. The gels were

either stained with Coomassie blue (g) or transferred to nitrocellulose and probed with antibodies

to ArHsp21 (h) and ArHsp22 (i). Lane 1, undeveloped cysts; 2, emerged larvae; 3, nauplii; 4, instar

II larvae; 5, adult males. Fifty mg of protein was loaded in each lane. ArHsp21 and ArHsp22

respectively had molecular masses of approximately 21.0 and 22.0 kDa. M, molecular mass

markers in kDa. Adapted from Qiu and MacRae (2008a, b)
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10.5 Conclusions

Artemia embryos cease development as gastrulae and enter diapause, a resting stage

important to the survival of many different organisms. In addition to enhanced

survival, which is commonly observed, attainment and maintenance of diapause

may share over-riding regulatory and mechanistic features. Artemia diapause is

characterized by extreme levels of physiological adaptation, representing a novel

model system for study that informs our more general understanding of this

developmental process. Diapause involves specific patterns of gene expression

not otherwise seen and this necessitates generation of new transcription factors

and/or reshuffling of their associations with one another. In this regard, the

up-regulation of p8, a transcription co-factor that potentially influences diapause

initiation, maintenance, and termination, is restricted to oviparously developing

Artemia embryos. Identifying more transcription factors and target genes, in addi-

tion to signals that promote their synthesis, is key to understanding diapause.

Morphological, cellular, and biochemical adaptations characterize diapause and in

Artemia these changes take on several forms including those associated with pro-

duction of protective structures such as the cyst shell, inhibition of cell growth, and

division, reduction of metabolism, and enhancement of stress tolerance. Molecular

chaperones such as the sHSPs are likely to have important roles in maintaining

Artemia diapause, although this is not the case for all organisms, nor are diapause-

related sHSP functions inevitably identical in all organisms. Deriving definitive

sHSP functions during Artemia diapause requires functional analysis in vitro, as

described herein, and determining how embryos respond upon elimination of these

proteins, experiments currently underway. The molecular analysis of diapause

promises to provide important fundamental information with practical applications.

As examples, large amounts of Artemia cysts are consumed in the aquaculture

industry and understanding diapause will make their use more efficient. Moreover,

the ability to enter diapause enhances the survival of several pest insects in agricul-

ture and forestry and increases the severity of their effects. Disruption of diapause in

these organisms therefore has enormous social and economical implications.

Acknowledgment Research described in this chapter was supported by a Natural Sciences and

Engineering Research Council of Canada Discovery Grant to T.H.M.

References

Ahuja N, Li Q, Mohan AL, Baylin SB, Issa J-PJ (1998) Aging and DNA methylation in colorectal

mucosa and cancer. Cancer Res 58:5489–5494

Baumeister R, Schaffitzel E, Hertweck M (2006) Endocrine signaling in Caenorhabditis elegans
controls stress response and longevity. J Endocrinol 190:191–202

Bishop G, Nomura T, Yokota T, Montoya T, Castle J, Harrison K, Kushiro T, Kamiya Y,
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Chapter 11

An Exploratory Review on the Molecular

Mechanisms of Diapause Termination

in the Waterflea, Daphnia

Evelyne Vanvlasselaer and Luc De Meester

Abstract The production of dormant stages is a key trait in many organisms,

including those animals that inhabit freshwater systems. Dormancy has important

ecological and evolutionary consequences, and traits related to induction of dor-

mancy, survival during the dormant state, and termination of dormancy are likely to

be under strong selection and may profoundly impact the dynamics of natural

populations. Insight into the biochemical pathways that lead to diapause termina-

tion may allow more efficient hatching of dormant stages, which is currently a

major bottleneck in many experimental studies and applications. We review the

current knowledge on the biochemical pathways leading to the termination of

dormancy in the waterflea, Daphnia. Even though Daphnia is a key model organ-

ism in ecology, evolution, and ecotoxicology, there is surprisingly little known

about the mechanistic underpinnings of diapause termination. We provide a general

but still hypothetical scheme on potential biochemical pathways that may be

involved in diapause termination in Daphnia, largely based on studies that were

carried out on related organisms, and suggest approaches for future research.

11.1 Introduction

The production of dormant stages, like seeds, eggs, and cysts, is an important trait

in plants, many microorganisms and animal taxa that inhabit freshwater systems,

and is viewed as a strategy to cope with habitat uncertainty in space and time

(Brendonck and De Meester 2003). In this review, we focus on dormancy in the

freshwater crustacean zooplankter Daphnia, the waterflea. Daphnia is an important

model organism in ecotoxicology, ecology, and evolutionary biology (De Coen and
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Janssens 1998; Feder and Mitchell-Olds 2003; Lampert 2006), and many studies

have documented the importance of dormant egg production for ecological and

evolutionary dynamics, as well as the use of dormant eggs in research (e.g.,

resurrection ecology, Kerfoot et al. 1999) and various applications (e.g., ecotoxi-

cology, Persoone et al. 1992). Yet, despite the strong interest of the scientific

community in Daphnia and the importance of dormancy to the ecology of organ-

isms, surprisingly few studies have focused on the mechanistic underpinnings of

diapause termination in Daphnia. Many studies have reported on hatching char-

acteristics under different conditions (Pancella and Stross 1963; Davison 1969;

De Meester and De Jager 1993b; Dos Santos and Persoone 1998) and have designed

hatching protocols (Doma 1979; Schwartz and Hebert 1987), but the overall pattern

remains that variability in hatching success is very high and overall hatching rates

are sometimes disappointingly low. These low and variable hatching rates constrain

the efficient use of dormant eggs in research and applications. Part of the variability

is no doubt instrinsic and related to bet-hedging strategies that result in a spread of

hatching over time (Philippi and Seger 1989; Cáceres and Tessier 2003), whereas

other variation, e.g., the reduction in hatching rates as eggs age, is likely to have

different causes. It is our hope that insight into the biochemical pathways leading to

dormancy termination in Daphnia may lead to the identification of shortcuts in the

hatching cascade and improved protocols that result in increased and more reliable

hatching rates. In this paper, we start with giving a short overview on the ecological

and evolutionary implications of dormancy in Daphnia and point to some applica-

tions that would benefit from a better understanding of the biochemical pathways

leading to dormancy termination. We then attempt to build a quite general and still

largely hypothetical scheme of biochemical pathways that may lead to termination

of dormancy in Daphnia. Our aim is to provide an overview of the current

knowledge, to inspire research that specifically tests these hypothetical pathways,

and to stimulate the development of protocols that break dormancy. Given that very

little biochemical work has been carried out on dormant eggs of Daphnia (Pauwels
et al. 2007), our scheme is largely based on studies on ecologically or phylogen-

etically related organisms such as rotifers and anostracans, including the brine

shrimp Artemia, a branchiopod occupying a widely different habitat, namely saline

lakes (Abatzopoulos et al. 2002).

11.2 Ecological and Evolutionary Implications of Diapause

The reproduction cycle of the waterflea Daphnia typically features the production

of dormant eggs. All species, both the majority of species that are cyclically

parthenogenetic as well as the taxa that have become obligately parthenogenetic,

share the capacity to produce dormant eggs that are protected by an envelope, called

the ephippium. The ephippia are produced by the dorsal part of the carapax of the
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mother. In cyclic parthenogenetic taxa, the production of dormant eggs is asso-

ciated with sexual reproduction. The ecological and evolutionary implications of

dormant eggs have been reviewed by Brendonck and De Meester (2003). Summar-

izing, dormant eggs are important for local survival in habitats that vary in quality

through time and become temporarily unfavorable to survival of active Daphnia.
Clear cut examples are habitats that freeze solid or dry out, or of which abiotic

conditions such as temperature or pH temporarily fall outside the tolerance limits of

active animals. But dormant eggs also allow escape from periods of low food

abundance, high predator abundance, or parasite outbreaks. In addition, dormant

stages are the most important way by which Daphnia can disperse from one habitat

to the other. Daphnia are good colonizers of new habitats (e.g. Louette and

De Meester 2005), which reflects good dispersal capacity. Dispersal of dormant

stages can happen by wind, water, or animal vectors. The best documented way of

dispersal is by birds (Figuerola et al. 2002; Frisch et al. 2007), but insects may also

play a role (Van de Meutter et al. 2008). Dispersal in both space and time, i.e.,

hatching from a dormant egg bank, can be viewed as a risk spreading strategy, and

bet-hedging strategies have indeed been documented with respect to hatching of

dormant eggs (Cáceres and Tessier 2003).

In addition to the role they play in local survival, dispersal, and colonization of

other habitats, dormant stages strongly influence local dynamics and community

composition, as they contribute to a dormant egg bank that in most habitats acts as a

very large reservoir of individuals. This influences local population dynamics, e.g.,

massive hatching in spring, but also increases species diversity (cf. storage effect,

Cáceres 1997; Sears and Chesson 2007) and impacts rates of evolution (Hairston

and DeStasio 1988; Hedrick 1995).

Dormant eggs and egg banks can also be used as tools in research and

applications. Dormant egg banks provide an archive of past community and

genetic composition. Using layered sediment cores, this archive has been probed

to reconstruct changes in community composition (Mergeay et al. 2004), genetic

structure (Weider et al. 1997; Mergeay et al. 2006, 2007), and to reconstruct

microevolution through time using a resurrection ecology approach (Kerfoot et al.

1999). This latter approach involves hatching dormant eggs from different time

intervals and quantifying changes in genotypic trait values through time. It has

been successfully applied to document evolutionary responses to cyanobacteria

occurrence associated with eutrophication (Hairston et al. 1999, 2001), evolutionary

responses to changes in predator pressure (Cousyn et al. 2001), and co-evolutionary

arms races between Daphnia and its microparasites (Decaestecker et al. 2007).

Other studies have used dormant egg banks to assess local species diversity, either

by looking at dormant stages or by hatching them and analyzing the resulting

communities (Vandekerkhove et al. 2005). In terms of applications, increased

reliability and hatching success of Daphnia dormant eggs would increase the

ease with which dormant eggs can be used to obtain young individuals of known

quality from stocks that can be kept on a shelf, greatly reducing the energy and
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time needed to maintain active cultures. This can be useful in aquaculture and

ecotoxicology (Persoone et al. 1992) and would be most beneficial to standardize

experimental material in research programs.

11.3 Characteristics of the Diapause State

The biochemical information available on the diapause state of Daphnia dormant

eggs is very limited. Below we briefly discuss metabolic rate and energy reserves as

well as protein and RNA levels and chaperones. Most information is derived from

studies on Artemia rather thanDaphnia. To our knowledge, the exploratory study of
Pauwels et al. (2007) is the first to compare the biochemical characteristics

of Daphnia dormant eggs with those of parthenogenetic eggs.

11.3.1 Metabolic Rate and Energy Reserves

During prolonged dormancy, it is essential that metabolic rates are strongly reduced

so that energy reserves are not depleted. In addition, dormant eggs most often end

up in microhabitats with very low oxygen concentrations, Clegg (1997) reports that

metabolic rate in Artemia cysts is undetectably low, suggesting a complete arrest of

metabolism. They also noticed that there were no changes in the energy reserves of

the cysts. The levels of trehalose, glycogen, and glycerol remained unchanged

during dormancy. No measurements of metabolic activity of Daphnia dormant

eggs have been reported in the literature. Hand and Carpenter (1986) suggest that

a low intracellular pH (pHi) may be a mechanism that inhibits metabolism in

dormant cysts of Artemia. Trehalose is the most important energy source for

early development of Artemia embryos. The conversion of trehalose into glucose

is inhibited by low pHi during dormancy. This occurs because the hysteretic

trehalase in Artemia embryos exists in two forms that differ in their polymerization

state depending on the pHi. The unaggregated form of the enzyme is the physiologi-

cally active one. The acidic pHi that occurs during dormancy causes a conversion of

unaggregated to polymerized trehalase and will thus inhibit the conversion of

trehalose to glucose, leading to an arrest of trehalose metabolism during dormancy

(Hand and Carpenter 1986).

11.3.2 Proteins and RNA

In order to maintain cellular integrity during metabolic standstill and as a protection

against unfavorable environmental conditions, one expects molecular chaperones

to be abundant in dormant stages. Clegg (2007) recently demonstrated for Artemia
that protein denaturation only occurs to a mild extent during diapause and that the
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damage is reversible, probably because of the abundant presence of the small heat-

shock protein p26. Specifically for Daphnia, Pauwels et al. (2007) observed higher

levels of glycerol and stress protein Hsp60 in dormant than in parthenogenetic eggs

ofDaphnia magna. p26 and artemin, another protein chaperone detected in Artemia
(Warner et al. 2004; Villeneuve et al. 2006; Chen et al. 2007), were not detected in

dormant eggs of Daphnia (Clegg and Campagna 2006).

The disaccharide trehalose, another important energy source for cellular metab-

olism, has chaperone activity in anhydrobiotic animals (Hontoria et al. 1998;

Hengherr et al. 2008) and could play a role in maintaining structural integrity

during diapause in Daphnia. To our knowledge, the presence of trehalose in

dormant eggs of Daphnia has not yet been investigated.

Because of their hypometabolic state, one would expect the amount of mRNA to

be very low in resting eggs, but some studies report otherwise. Hofmann and Hand

(1992) found no significant differences in mRNA levels between dormant and

active Artemia embryos, and no net degradation of mRNA. In addition, Van

Breukelen et al. (2000) found that the half-life of mRNA is increased during

dormancy. Maintenance of mRNA reserves during dormancy could be a mecha-

nism to enable the quick resumption of development when conditions become

favorable again.

11.4 Diapause Termination and Hatching

When dormant eggs are produced, they enter diapause, which is defined as an

intrinsic state of dormancy in which the egg is not responsive to hatching stimuli

(Stross 1987). When diapause is broken, the eggs go into quiescence and become

sensitive to hatching cues. Hatching of dormant eggs in Daphnia thus involves two
steps (Stross 1987). A cold shock, drought, low O2/high CO2 concentrations, or

soaking the ephippia in a sodium hypochlorite solution are cues that break diapause

(Pancella and Stross 1963; Stross 1971; Doma 1979). The effect of a cold shock and

the optimal temperature to break diapause depend on, amongst other, geographic

origin of the eggs (Schwartz and Hebert 1987). The mechanism by which exposure

to sodium hypochlorite solution breaks diapause is open to speculation, but may

involve a mechanical impact on the outer egg shell or a bleaching effect (Pancella

and Stross 1963).

Once in a quiescent state, Daphnia eggs often show a hatching response upon

exposure to higher temperatures (20�C), light in a long-day photoperiod, and

refreshing of the medium (Pancella and Stross 1963; Stross 1966, 1969; Davison

1969; De Meester and De Jager 1993b; Vandekerkhove et al. 2005), while chemi-

cals associated with the presence of active animals tend to suppress hatching rates

(Lass et al. 2005). In general, the conditions that stimulate hatching mimic spring

conditions in the field. Overall, pond species (e.g., D. magna; De Meester and

De Jager 1993a, b) tend to show higher and less variable hatching than lake

dwelling species (e.g., Carvalho and Wolf 1989a, b).
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In addition to observations on environmental cues that may in nature be impor-

tant to induce hatching, several studies have reported on experiments in which eggs

were exposed to specific artificial stimuli in an effort to induce hatching of dormant

eggs. Hagiwara et al. (1995) reported that prostaglandins (E1, E2, and F2a) and
H2O2 induce hatching of Brachionus plicatilis eggs in the dark, and thus can

shortcut the need of light exposure for dormant eggs to hatch. Dumont et al.

(1992) showed that treatment of anostracan cysts with retinoic acid and calcium

ionophore A23187 enhances and accelerates hatching in freshwater anostracans,

and Busa and Crowe (1983) used ammonia to trigger an increase of the internal pH

and break dormancy in Artemia. These stimuli and hatching responses provide

some clues on the mechanisms of hatching. Based on these indications in other

species, in the following paragraph, we provide plausible scenarios for the mecha-

nisms of hatching in Daphnia.

11.4.1 Light and Photoreceptors

As mentioned above, dormant eggs of Daphnia need a light stimulus to initiate

development. Blue and near UV-light (350–490 nm) activate Daphnia eggs most

effectively (Davison 1969), but a pulse of blue light can subsequently suppress

embryonic development initiated by white light (Davison and Stross 1986). This

kind of light-induced reversal of activation is well known in plants (Shinomura

1997). Davison and Stross (1986) suggest the possibility that light-sensitive mole-

cules analogous to plant phytochromes are present in Daphnia eggs. Phytochromes

are common plant photoreceptor molecules, most of which are sensitive to red and

far-red (600–700 nm) light (for various functions of phytochromes, see Bae and

Choi 2008). Ahmad and Cashmore (1993) isolated a gene for a blue and ultraviolet

(UV-A) photoreceptor protein in Arabidopsis thaliana. These proteins, called

cryptochromes, are common in many plant species, bacteria, fungi, and animals.

They greatly resemble and probably evolved from DNA photolyases, enzymes

responsible for the blue light-dependent repair of DNA damage caused by UV-

light (Gehring and Rosbash 2003; Lin and Todo 2005; Essen 2006). They appear to

play an important role in the entrainment of the circadian clock in Drosophila,
mice, and humans (Lin and Todo 2005; Hoang et al. 2008) and in the regulation,

together with other photoreceptors, of several light-dependent growth and develo-

ment responses in plants (Ahmad and Cashmore 1993; Li and Yang 2007). As yet,

however, the expression of cryptochromes inDaphnia eggs has not been investigated.
Porphyrin and haem pigment have also been suggested as photoreceptors to

explain blue light sensitivity of dormant stages in crustaceans. Van der Linden et al.

(1986) observed that intact Artemia cysts are particularily sensitive to light inten-

sities around 525 and 575 nm. Decapsulated cysts, however, show an extra peak at

420 nm, a wavelength normally absorbed by haematin, the main pigment in the cyst

shell, which is sensitive for green–blue light of 400–500 nm. The authors suggest

the involvement of haematin in the cyst shell combined with a haem protein
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photoreceptor in the gastrula to regulate hatching. Since extended exposure to light

and water cause oxidation and bleaching of haematin in the cyst shell, they propose

a hatching delaying role for the pigment in keeping the photoreceptor from being

stimulated when the hydration conditions are not favorable. These researchers also

looked for a potential role for gastrula carotenoids in light reception, but concluded

that these pigments could not be involved because their absorption spectrum does

not correspond with the action spectrum of the cysts.

Other photoreceptor candidates with homologues in the entire light spectrum are

the opsins. Opsins belong to the family of G-protein coupled receptors (GPCRs)

and are the common light receptors for visual perception. The opsin family is a very

diverse group of receptors with functions in retinal and extra-retinal photorecep-

tion. The activation mechanism of these proteins is conserved, with only small

variation throughout the animal kingdom. The occurrence of opsins is not limited to

eyes. Santillo et al. (2006) found evidence of the expression of an opsin photore-

ceptor (rhodopsin) in the eyeless invertebrate Hydra. Although the presence of

opsin photoreceptors in Daphnia dormant eggs has not been studied, genes

for opsin proteins are present and diverse in Daphnia. Soetaert (2007) identified
two opsin proteins in a microarray study on Daphnia magna, and several tens of

opsin genes have been detected in the Daphnia pulex genome (Cáceres, Thomas

and Oakley: information posted on website of the Daphnia Genomics Consortium

(http://daphnia.cgb.indiana.edu/)).

11.4.2 Oxidation

Irrespective of the implication of light receptors in the hatching process, reactive

oxygen species (ROS) generated in the water after illumination may be a potential

trigger for hatching. As mentioned earlier, prostaglandins and hydrogen peroxide

appear to have promising effects on the reactivation of dormant forms in several

aquatic organisms. Van der Linden et al. (1991) observed that light activation of

Artemia cysts is followed by a drop in cyclic adenosine monophosphate (cAMP)

levels and that the same phenomenon occurred after treatment with H2O2. This led

the authors to conclude that H2O2 mimics light activation. Hagiwara et al. (1995)

reported hatching of dormant eggs of the rotifer Brachionus plicatilis in the dark

after the addition of prostaglandins E1, E2, and F2a or H2O2 to the hatching medium.

The same effect was seen in a study on abalones by Morse et al. (1976). The

authors’ explanation for this phenomenon is that hydrogen peroxide induces ROS,

which mimic the effect of short wavelength radiation on the medium. Short

wavelength radiation indeed produces ROS by photolysis of organic material in

the upper layers of the water. These radicals can induce the production of prosta-

glandins by oxidizing unsaturated fatty acids in the plasmamembrane of dormant

eggs (Fig. 11.1). Prostaglandins bind with a prostanoid receptor, which is a member

of the GPCR family, and trigger cell activation (Fig. 11.2). Recently, Heckmann
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et al. (2008) found evidence in the D. pulex genome for the existence of two

possible prostanoid GPCRs.

11.4.3 Downstream Cellular Activation

Whether the activation mechanism involves light receptors or redox signaling, there

are indications that downstream of this first stimulus the Ca2+-calmodulin pathway

is important for the reactivation of dormant embryos through activation of enzymes

(Dumont et al. 1992) (Fig. 11.2). The classical Ca2+-calmodulin pathway is trig-

gered by stimulation of a GPCR. The GPCRs are a large family of membrane

proteins with seven transmembrane regions that transduce extracellular signals to

the interior of the cell. They are coupled with a heterotrimeric GTP-binding protein

(G-protein) on the interior side of the membrane. The ligands binding to GPCRs are

very diverse and include light-sensitive compounds, hormones, and neurotransmit-

ters. Ligand binding on the receptor induces the exchange of GDP for GTP on the

G-protein a subunit and the dissociation of the a subunit from the bg-heterodimer.

The GTP-a subunit complex mediates intracellular signaling by activating
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Fig. 11.1 Scheme of the formation of prostaglandin E2, through several short-lived intermediates,

following oxidation of plasma membrane phospholipids by reactive oxygen species (ROS)

produced in the medium after irradiation (simplified after Heckmann et al. 2008)
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phospholipase C (PLC). PLC in turn converts phosphatidylinositol biphosphate

(PIP2) to inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 releases Ca
2+

from the intracellular stores by activating Ca2+-channels. Free Ca2+ in the cytosol

binds to calmodulin and the Ca2+-calmodulin complex in turn activates protein

kinase C, which restarts the cell machinery by reactivating cellular enzymes

(Birnbaumer 2007). Dumont et al. (1992) showed that cyst hatching of the anos-

tracans Thamnocephalus platyurus and Streptocephalus dichotomus increased after
treatment with Calcium Ionophore A23187. Calcium Ionophore A23187 is a mobile

ion carrier with a high sensitivity for divalent cations, such as Mg2+ and Ca2+. This

observation indicates that availability of transmembrane calcium pumps might be a

limiting factor affecting cyst hatching. A similar mechanism may be important in
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Fig. 11.2 Hypothetical hatching cascade in dormant eggs of Daphnia after activation by light or

prostaglandins (PG). (1a) Light activates a GPCR [e.g., from the opsin family], which leads to (2a)

the exchange of GDP for GTP on the G-protein a subunit and the dissociation of the a subunit from

the bg-heterodimer. (1b) Prostaglandins, generated after oxidation of the plasma membrane

phospholipids, bind to a prostanoid GPCR and (2b) activate G-protein signal transduction as

described above. (3) The GTP-a subunit activates phospholipase C (PLC). (4) PLC in turn

converts phosphatidylinositol biphosphate (PIP2) to inositol triphosphate (IP3) and diacylglycerol

(DAG). (5) IP3 releases Ca
2+ from the intracellular stores by activating Ca2+-channels. (6) Free

Ca2+ in the cytosol, originating from intracellular stores or from the extracellular environment and

then transported through the membrane with the help of a Ca2+-ionophore, binds to calmodulin. (7)

The Ca2+-calmodulin complex in turn activates protein kinase C, which (8) restarts the cell

machinery by reactivating cellular enzymes
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Daphnia, but so far no studies have examined this possibility. If the mechanism

applies, treatment with a calcium ionophore could provide a short cut for enzyme

activation by bypassing G-protein activation.

11.4.4 pH

Finally, we mention that in Artemia salina there is evidence for the importance of

intracellular pH in termination of diapause. Busa and Crowe (1983) first demon-

strated the role of intracellular pH (pHi) in the induction and termination of

dormancy in Artemia. Although they never directly measured the pHi of the

cysts, they showed that termination of dormancy could be induced by alkalinisation

of the pHi through the addition of ammonia to the hatching medium, while

induction of dormancy could be triggered by a decrease of the pHi through acidifi-

cation of the medium with CO2.

11.5 Research Perspectives

It is clear from the above that the current state of insight into the biochemical

pathways that may be involved in the hatching of dormant eggs of the water flea

Daphnia is very limited. Most of the research on the mechanisms of diapause

termination has been carried out on anostracans, especially Artemia (see Chap. 10).

Some exploratory research has also been carried out on rotifers (e.g., Brachionus:
Hagiwara et al. 1995), but almost no work has been specifically directed at Daphnia
dormant eggs (Pauwels et al. 2007). Perspectives for future work are, amongst

others, the following:

(a) Testing of experimental treatments that impact hatching in other species, such

as prostaglandins (e.g., rotifers: Hagiwara et al. 1995, abalones: Morse et al.

1976), hydrogen peroxide (e.g., abalones: Morse et al. 1976), Ca-ionophores

(e.g., anostracans: Dumont et al. 1992), and manipulation of the pHi. The

results of such exploratory analyzes may provide valuable indications on the

mechanisms of diapause termination in Daphnia.
(b) Screening Daphnia dormant eggs for the presence of light receptors (e.g.,

opsins, haem pigments, cryptochromes) may help resolve a crucial step in the

hatching sequence. Understanding changes in the amount and quality of light

receptor and shielding pigments may be critical for our insight into important

ecological phenomena such as the high interindividual variation in response to

hatching cues and the development of bet-hedging strategies.

(c) There is a strong need for an in-depth comparative biochemical analysis of

dormant eggs and parthenogenetic eggs. In addition to identifying mechanisms

important to dormancy and hatching, this analysis would provide mechanistic
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underpinning of the ecological differences between hatchlings from dormant

and parthenogenetic eggs (Arbaciauskas and Lampert 2003). Comparative

proteomics of eggs in various stages of dormancy and resumption of develop-

ment may allow us to acquire a more complete picture of the hatching mechan-

isms of Daphnia dormant eggs, one that is less biased toward mechanisms that

have been suggested based on work on other organisms.
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Chapter 12

Metabolic Dormancy and Responses to

Environmental Desiccation in Fish Embryos

Jason E. Podrabsky, Angèle Tingaud-Sequeira, and Joan Cerdà

Abstract Metabolic depression is relatively uncommon among the fishes with the

greatest number of species exhibiting dormancy as embryos. Dormancy in fish embryos

is largely associated with deposition of embryos into terrestrial habitats to avoid

embryo predation or to survive intermittent drying of aquatic habitats. Killifish embryos

in general, and especially the embryos of annual killifish, are highly adapted for life at

the interface between land and water and thus have evolved a suite of characters that

allows them to survive in an aerial environment. Here we review the available literature

on embryonic dormancy and dehydration tolerance in killifish embryos.

12.1 Introduction

Examples of metabolic dormancy can be found in every Class of the Phylum Verteb-

rata including themost diverse group of vertebrates, the fish.Dormancy in fish is found

in both adult and embryonic life stages, but at this point in time a single species has

not been illustrated to enter metabolic dormancy in more than one life history stage.

Dormancy in adult fish is induced in response to unfavorable environmental

conditions, especially changes in water and food availability, and seasonal changes
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Mar, Consejo Superior de Investigaciones Cientı́ficas (CSIC), 08003 Barcelona, Spain

Génomique et Physiologie des Poissons, Université Bordeaux 1, UMR NuAGe 33405 Talence,
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in temperature. Aestivation in response to a loss of water is found in a number of

different fish lineages including the dipnoans (African and South American lung-

fish; Smith 1930; Fishman et al. 1992; Greenwood 1986; dos Santos Ferreira da

Silva et al. 2008) and a number of teleost groups such as the Galaxids (Canterbury

mudfish and the Australian Salamanderfish; Eldon 1979; Berra and Allen 1989;

Pusey 1989), and Synbranchids (swamp eels; Eduardo et al. 1979; Chew et al.

2005). In addition, the Japanese Sandeel (sand lance, Ammodytes personatus)
appears to aestivate in the sand of estuaries to avoid high summer temperatures

(Tomiyama and Yanagibashi 2004). Cold torpor or hibernation is probably the most

common form of dormancy in adult fish and has been reported in a diversity of

species such as hagfish (Hansen and Sidell 1983; Lesser et al. 1996), lampreys

(Pletcher 1963), and a number of teleost fish such as the crucian carp (Hyvarinen

et al. 1985; Nilsson and Renshaw 2004). In many of these species, cold torpor is

also likely accompanied by anoxia tolerance (Hansen and Sidell 1983; Hyvarinen

et al. 1985; Nilsson and Renshaw 2004). In marine environments winter hibernation

appears to be mostly an adaptation to low food availability and resembles in many

aspects hibernation in small mammals (Campbell et al. 2008).

Embryonic dormancy is a more widespread form of dormancy in fish from a

geographic, ecological, and evolutionary perspective. This increased diversity is

likely driven by the variety of environments that fish inhabit. For example,

hypoxia and anoxia commonly occur in freshwater habitats, and thus it is not

surprising that a number of species produce embryos that can tolerate short or

transient (1–2 days), and even prolonged environmental hypoxia and anoxia. In

addition, many species of fish have developed life history strategies for either

hiding embryos from predators or synchronizing development with favorable

environmental conditions. In many cases, hiding of embryos means exposing

them to a terrestrial existence. While this may increase survival due to reduced

predation, it requires the ability to survive aerial exposures, and perhaps long

bouts of severe dehydration. Thus, evolution of embryonic dormancy in fish is

very likely tied to dehydration tolerance. There are three major types of dormancy

that may occur during the development of fish embryos: delayed hatching,

embryonic diapause, and anoxia-induced quiescence. Each of these types of

dormancy will be addressed in this chapter.

12.2 Delayed Hatching

Delayed hatching is found in a number of different fish lineages including the

Atherinids (Tewksbury and Conover 1987; Martin 1999), Fundulidae (Harrington

1959; Koenig and Livingston 1976; Taylor et al. 1977), and Galaxidae (McDowall

and Charteris 2006; Charteris et al. 2003) and is typically associated with the

deposition of eggs in a terrestrial environment (see Martin 1999 for an excellent

review on delayed hatching). In some marine fish, such as the Halibut (Hippoglos-
sus hippoglossus) hatching can be delayed by continued exposure to light (Helvik
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and Walther 1993). Based on the few studies available, metabolism and develop-

ment are slowed, but not arrested during delayed hatching. For example, the oxygen

consumption of California grunion (Leuresthes tenuis) embryos is not decreased

during delayed hatching, but remains relatively constant (Darken et al. 1998).

Although there is not a depression of metabolism per se during delayed hatching,

the expected ontogenetic increase in metabolism associated with hatching and a

larval existence is delayed. In a sense, this is a depression of metabolic require-

ments associated with larval life. In addition, because development does not cease

during delayed hatching, a stable level of oxygen consumption in the face of a

presumably increasing mass of metabolically active tissue may actually indicate a

depression of metabolism.

An extensively studied model of delayed hatching among killifishes is Fundulus
heteroclitus, a marine, nonmigratory teleost typically inhabiting coastal marshes

and inland systems of North America (Bigelow and Schroeder 1953; Lee et al.

1980; Scott and Crossman 1998), Hawaii (Randall 1987), the Philippines (Seale

1910), and southern Europe (Gutierrez-Estrada et al. 1998). Natural populations of

F. heteroclitus have a semilunar reproductive cycle that synchronizes reproductive

maturity with the occurrence of spring tides (Taylor 1986). Eggs are laid in multiple

clutches at the high water mark during high spring tides associated with new and

full moons, usually in “protected” environments such as mussel shells or marsh

chord grasses (Taylor 1999). The developing embryos protected by the egg enve-

lope (chorion) are adapted to survive aerially, and eggs laid at one high tide are

ready to hatch with the next high tide (Taylor 1999). Thus, hatching occurs only

upon immersion in water. As in other teleosts, egg hatching is triggered by the

release of the hatching enzyme from the hatching gland cells located in the buccal

cavity of the opercular epithelium (Armstrong and Child 1965; Taylor 1999).

Recent studies have shown that the choriolytic enzymatic system of F. heteroclitus,
as well as that of Japanese medaka (Oryzias latipes), is composed in fact by two

enzymes, the high choriolytic enzyme (HCE) and the low choriolytic enzyme

(LCE), which act cooperatively for the complete digestion of the chorion (Kawaguchi

et al. 2005).

Studies on the hatching mechanism of F. heteroclitus embryos indicate that

hypoxia may be one of the main factors regulating hatching (DiMichele and Taylor

1980, 1981; DiMichele and Powers 1984a). Thus, the respiratory demands of

developing embryos may be fulfilled by the oxygen supply from the air, whereas

hatching during immersion is cued when the metabolic rate of the embryo exceeds a

limit set by the diffusion of oxygen through the water column (DiMichele and

Powers 1982, 1984a, b; Powers et al. 1991). This hypothesis is supported by the

finding that populations of F. heteroclitus from North America adapted to different

conditions of dissolved oxygen levels, temperature, photoperiod, and latitude show

slightly different hatching times associated with genetic polymorphisms in heart-

type lactate dehydrogenase, which may affect erythrocyte ATP concentrations and

hence hemoglobin–oxygen affinity (DiMichele and Powers 1982, 1984a; Powers

et al. 1991). These specific adaptations have likely arisen due to the restricted

distribution of the nonmigratory F. heteroclitus populations, thus allowing for the
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development over multiple generations of reproductive adaptations to the tempera-

ture and climate of their immediate environment (Burnett et al. 2007). However, the

molecular mechanisms regulating the release of hatching enzymes in response to

variations in oxygen availability are still unknown.

12.2.1 Advanced Hatching: The Case of F. heteroclitus Embryos

As mentioned earlier, delayed hatching in nonannual killifish, such as F. heteroclitus,
is not associated with an arrest of development. However, F. heteroclitus embryos

are exposed to an aerial environment during low tides, and therefore physiological

adaptations to regulate embryonic development in response to environmental

dehydration are likely. The existence of these mechanisms has been recently

demonstrated in a series of laboratory-controlled experiments showing that devel-

opmental rates of F. heteroclitus embryos increase in response to aerial incubation

(Tingaud-Sequeira et al. 2009). In this study, developmental rates were stimulated

in morula and blastula embryos exposed to air for up to 12 days under approxi-

mately 100% relative humidity, and hence the time of hatching was advanced with

respect to embryos continuously immersed in seawater (Fig. 12.1). This ability of

embryos to accelerate development and differentiation in response to water removal

may be maternally inherited, since zygotic transcription is possibly not yet acti-

vated at these embryonic stages (O’Boyle et al. 2007).

The acceleration of development of F. heteroclitus embryos exposed to air may

be related to elevated oxygen availability that can support increased metabolic

rates. However, Tingaud-Sequeira et al. (2009) also observed large variations in

hatching times between batches of embryos collected during the year that were

a b c

d e f

Fig. 12.1 Photomicrographs of F. heteroclitus embryos after 1 and 6 h, and approximately 9 days,

of incubation in seawater (a–c) or in air (d–f) from the blastula stage. The arrows indicate the

marginal zone of the blastoderm at late gastrulation (a and d), or the developing embryo at the

neurula stage (b and e). Note that development of air-incubated embryos is accelerated with

respect to embryos maintained in water, which is more evident when embryos are manually

released from the egg envelope (c and f). Scale bars, 0.5 mm

206 J.E. Podrabsky et al.



incubated constantly in water. In addition, F. heteroclitus embryos can also accel-

erate development when incubated with reduced salinity (Cerdà, unpublished data).

Together, these observations suggest that oxygen availability may not be the only

environmental cue controlling developmental rate, and other stressful conditions

may trigger the same response. In fact, embryos exposed to air for 6 h show an

increased accumulation of mRNAs encoding proteins associated with oxidative

stress such as glutathione S-transferase and peroxiredoxin 6 (ATS and JC unpub-

lished data).

Although it is clear that the molecular mechanisms involved in the environmen-

tal control of embryonic development in F. heteroclitus need to be investigated

further, the data available suggest that this species is tightly adapted to its specific

reproductive strategy. During the reproductive season, gonad maturity and spawn-

ing readiness coincide with new and full moons, and spawning is thereby synchro-

nized with the semilunar cycle of tides in the tide marsh habitat (Taylor 1999;

Taylor et al. 1979). Accelerated development of embryos exposed to air may

increase the ability of embryos to hatch during the next high tide (Taylor 1999).

In the laboratory, the lunar and tidal spawning cycles of parent fish may be partially

lost (Hsiao and Meier 1989; Hsiao et al. 1994, 1996; Taylor 1991), but the ability of

embryos to accelerate development in response to aerial exposure is conserved.

This strategy of F. heteroclitus embryos thus resembles that of tadpoles of desert-

dwelling amphibians that are able to detect changes in the water level of the aquaria

and accelerate development and metamorphosis, mimicking their behavior in the

natural habitat (Denver 1997).

12.3 Embryonic Diapause

Embryonic diapause is found in a wide range of fish lineages including several

families of teleost fish and a number of cartilaginous fish such as the guitarfish

(Enajjar et al. 2008), several species of rays (White et al. 2002 and references

therein), and sharks (Simpfendorfer 1992). Interestingly, most of these fish are

found in tropical waters, and thus diapause appears to be important for synchroniz-

ing parturition with seasonal food or habitat availability. Diapause has also been

reported for embryos of the autumn-spawning bitterling (Acheilognathus rhom-
beus), a small Asian cyprinid, as a mechanism for delaying development due to cold

winter temperatures (Kawamura and Uehara 2005). Although very little has been

done to investigate diapause in this species, it appears to be genetically determined

and restricted to the autumn-spawning populations, which benefit from delayed

development by emerging in the spring when food availability and temperatures are

presumably more suitable for growth and survival of larvae. The highest diversity

of species exhibiting embryonic diapause, and the most well studied group are the

members of the Order Cyprinodontiformes, known as the annual killifish. Most of

our knowledge about the physiological, biochemical, and molecular aspects of
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embryonic dormancy in fish comes from studies of this group, notably the genera

Nothobranchius from Africa and Austrofundulus from South America.

12.3.1 Evolutionary History of Diapause in Annual Killifish

The annual killifish are classified into two Families, the Rivulidae (approximately

160 species) from South and Central America, and the Aplocheilidae (approxi-

mately 189 species) from Africa. A number of studies have used morphological and

molecular markers to investigate the evolutionary history of diapause in the annual

killifish. Murphy and Collier (1997) used molecular techniques to define both the

Rivulidae and Aplocheilidae as monophyletic clades. However, their analysis was

not able to determine if diapause evolved once in the common ancestor of these two

clades, or independently. Hrbek and Larson (1999) used phylogenies based on

mitochondrial DNA sequences to examine the evolution of diapause in the Rivuli-

dae. Their analysis indicates two independent origins of diapause in South America.

Thus, it appears likely that diapause may have arisen several times in the annual

killifishes and independently on the continents of Africa and South America.

A closer examination of the various groups, especially those that contain members

that produce diapausing and nondiapausing embryos, might yield interesting

insights into the evolution of this complex life history.

Annual killifish in Africa and South America share a surprising number of

similarities that are collectively known as the “annual” life history. The similarities

are found at all levels of organization including: habitat requirements, coloration,

morphology, physiology, and most importantly embryological development

(Wourms 1972a, b, c; Brosset 2003). In fact, the similarities in development

observed in both the African and South American annual killifish are remarkable.

They share three distinct developmental stages where arrest of development can

occur in the form of diapause. In addition, all annual killifish, but not other closely

related killifish, share a unique developmental process of dispersion and subsequent

reaggregation of the embryonic blastomeres (Wourms 1972b). This sequence of

events separates the cell migrations of epiboly (sheets of cells enveloping the yolk

mass) from the formation of the embryonic axis. In nonannual killifish, these two

events are coupled as they are in all other teleosts. While the evolutionary history of

annual killifish in Africa and South America remains debatable, either option is

incredibly interesting from a biological perspective; either it is an impressive case

of convergence or a complex series of gains and losses of the annual life history in

many species within this group (e.g., Murphy et al. 1999). Close examination of the

molecular mechanisms that control entrance and exit from diapause in African and

South American annual killifish should shed light on the evolution of the annual life

history on these continents. From a practical perspective, the two groups are almost

indistinguishable in terms of the developmental physiology of diapause, and thus

the following discussion on diapause in annual killifish will draw on evidence
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collected in both African (Nothobranchius and Aphyosemion) and South American

(Austrofundulus) species.

12.3.2 The Life History of Annual Killifish

Annual killifish are found in regions of the tropics and subtropics that experience

pronounced dry and rainy seasons. They are typically found in ephemeral ponds in

savanna and desert habitats, but they also exploit the margins of seasonally flooded

forests. All annual killifish exhibit a life history pattern that includes the arrest of

development in at least one of three possible stages of embryonic diapause

(Wourms 1972c; Murphy and Collier 1997). These stages extend the total time of

development through the dry season so that embryos are ready to hatch when water

is available. Diapause was originally described by Peters (Peters 1963, 1965) in

African species and by Wourms (Wourms 1964, 1967, 1972a, b, c) in South

American and African species. Wourms also described the major events associated

with development of annual killifish (Wourms 1972a) including the occurrence of

dispersion and subsequent reaggregation of the embryonic blastomeres associated

with the occurrence of diapause I (Wourms 1972b). In addition, he described three

separate stages where diapause may occur in annual killifish and named them

diapause I, II, and III (Wourms 1972c).

12.3.3 Diapause I

Diapause I occurs early in development prior to the formation of the embryonic axis

and is associated with a stage of development unique to annual killifish called the

dispersed cell phase. Diapause I appears to be facultative in most species and is

induced by low temperatures and hypoxia (Wourms 1972c; Inglima et al. 1981).

Very little mechanistic data is available for this stage of diapause, although Peters

describes a substantial tolerance of anoxia in Diapause I embryos of Nothobran-
chius (Peters 1963). It appears that diapause I in Nothobranchiusmay be induced by

chemical signals produced by adult fish. In N. guentheri, if embryos are incubated

in the presence of adult fish without aeration, almost 100% of the embryos arrest

development at diapause I despite conditions conducive for development (Inglima

et al. 1981). This study found no affect of up to 8 ppm ammonia on the rate of

embryonic development or the occurrence of diapause. Similar results were

reported for embryos of N. korthausae (Denucé 1989). In both studies, the effect

of the presence of adults was not species-specific. In N. korthausae, tissue extracts
from ovary, muscle, and liver of adult fish all induced diapause I. The substance

responsible for the arrest of development in embryos of N. korthausae was deter-

mined to be a polar hydrophilic substance that as of yet remains unidentified

(Denucé 1989). Induction of diapause I by the presence of adults has not been
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observed in our laboratory stock of the South American annual killifish Austrofun-
dulus limnaeus (JEP, unpublished data).

12.3.4 Diapause II

Diapause II is obligate in most species studied, although some report this diapause

as facultative (see Discussion in Wourms 1972c and Murphy and Collier 1997).

This diapause occurs after the formation of the embryonic axis in an embryo

possessing 38–42 pairs of somites, the foundations of the central nervous system,

optic cups, olfactory and lens placodes, otic vesicles, and a functional tubular heart

(Wourms 1972a, c). Most of the physiological data on diapause has been focused on

this stage due to its obligate nature, and the incredible robustness of the embryos to

environmental insults.

Metabolism is depressed during diapause II by greater than 90% compared with

actively developing embryos in both African and South American species (Levels

et al. 1986; Podrabsky and Hand 1999). In addition, diapause II embryos of

A. limnaeus appear to have a significant portion of their total metabolic heat

dissipation due to anaerobic processes, even when incubated under aerobic condi-

tions (Podrabsky and Hand 1999). Importantly, lactate is not accumulated during

this time. Diapause II embryos maintain a high energetic status as assessed by ATP/

ADP ratios near 60. However, despite high levels of ATP, AMP levels are elevated

in diapause II embryos, and these levels are negatively correlated with the rate of

metabolism (Podrabsky and Hand 1999). This information led to the speculation

that activation of the AMP-activated protein kinase may play a role in suppressing

biosynthetic reactions during diapause II (Podrabsky and Hand 1999). Rates of

protein synthesis are depressed by over 90% during diapause II and can account for

approximately 36% of the metabolic depression observed (Podrabsky and Hand

2000).

12.3.5 Diapause III

Diapause III occurs in the late prehatching stage embryo and appears to be obligate

in most species (Wourms 1972a, c). Embryonic development is essentially com-

plete in this stage of development and a significant portion of the yolk mass has

been consumed. The metabolism of diapause III embryos is depressed compared

with those just completing development that do not enter diapause, but are induced

to hatch (Levels et al. 1986; Podrabsky and Hand 1999). In A. limnaeus, the
metabolism of diapause III embryos slowly declines over a period of 4–6 weeks

(Podrabsky and Hand 1999). While postdiapause II development is largely aerobic

as indicated by combined calorimetry and respirometry, late diapause III embryos
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appear to have a significant anaerobic contribution to their total heat dissipation

(Podrabsky and Hand 1999).

12.3.6 Environmental Control of Diapause II

Incubation temperature can have a marked affect on the occurrence of diapause in

annual killifish. Markofsky and Matias (1977) found that in N. guentheri diapause I
and II could be induced if embryos were collected and incubated at 19.4�C, while
incubation temperatures of 22.7 or 26.5�C caused the embryos to develop directly

to diapause III. N. korthausae embryos incubated at 18 and 25�C entered diapause

II when kept in the dark or exposed to a short-day photoperiod, while incubation at

32�C or exposure to a 12:12 h photoperiod caused embryos to develop past diapause

II and III (Levels and Denucé 1988). In embryos of A. limnaeus, incubation at 20 or
25�C induces embryos to arrest development at diapause II, while incubation at

30�C causes embryos to bypass diapause II (termed escape embryos by Wourms

1972c) and develop directly to diapause III.

The photoperiod experienced by the adult fish and by the embryos can affect the

occurrence of diapause in annual killifish. Markofsky et al. (1979) report that short-

day photoperiods experienced by adults can induce the production of embryos that

enter diapause II. Levels and Denucé (1988) found that embryos were capable of

responding directly to photoperiod cues with short-day photoperiods inducing

diapause II and III, and long-day photoperiod causing embryos to skip these

diapause stages. In embryos of A. limnaeus exposure to long- and short-day photo-

periods causes embryos to break diapause II and develop to diapause III (Podrabsky

and Hand 1999).

The above data on the effects of temperature and photoperiod on diapause are

consistent with a general pattern of induction of diapause II in the late part of the

rainy season and during the dry season (cooler temperatures and shorter day

lengths) and a bypassing of diapause II during the rainy season (warmer tempera-

tures and longer day lengths). This pattern is consistent with a bet hedging strategy

for the production of embryos that may hatch during the current rainy season being

produced early in the rainy season, and diapausing embryos that must endure long-

term desiccation of the pond being produced late in the rainy season.

12.3.7 Alternate Developmental Pathways Associated
with Escape Embryos

Embryos that do not enter diapause I or II but instead develop directly to hatching or

diapause III are called escape embryos. These embryos develop quickly enough to

hatch during a single rainy season and are likely very important in supporting

multiple generations of fish in a single pond in the event of multiple inundations and
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dryings during a single rainy season. When escape embryos are compared with

those entering diapause II, there is a clear difference in morphology and devel-

opment. Escape embryos have a more advanced development of anterior struc-

tures relative to posterior structures when compared with embryos that are

developing toward diapause II (Fig. 12.2; Podrabsky, Garrett and Kohl, unpub-

lished observations). Thus, it appears that two alternate developmental pathways

a

b

c

Fig. 12.2 Two alternate developmental pathways are observed in embryos of A. limnaeus.
(a) Both images are of embryos possessing 24 pairs of somites. The embryo on the left is destined
to enter diapause II while the embryo on the right is an escape embryo and will bypass this stage of

diapause. (b and c) When embryos are staged according to the addition of pairs of somites, escape

embryos (closed circles) have larger heads with more advanced morphology when compared with

embryos destined to enter diapause II (open squares). Symbols represent measurements from a

single embryo
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exist in A. limnaeus, which differ in the timing of early developmental events.

This finding adds another amazing dimension to the biology of annual killifish

and represents one of the most extreme and perhaps the only case of alternate

developmental pathways during early development of a vertebrate. Alternate

developmental pathways may have profound effects on the physiology and

ecology of embryos at hatching. Do these embryos differ metabolically or

physiologically after passing though different developmental pathways? Do

both pathways produce similar larvae? Are life history trade-offs associated

with the different developmental trajectories? Will one pathway be favored

under a specific set of environmental circumstances? The consequences of

developing on either of these alternate developmental trajectories on larval and

adult physiology and ecology are currently unknown but are under investigation.

12.4 Diapause and Tolerance to Environmental Stress

The natural environment of killifish in general and especially the annual killifishes

is highly variable both spatially and temporally. Habitats may range from deserts

and savannas to flooded forests and grasslands, as well as salt marshes and man-

grove swamps. Each of these environments has a unique suite of environmental

characters, but all are ephemeral in nature and will eventually if not regularly

expose the fish to periods of dryness. The most extreme conditions survived by

annual killifish are found in areas of tropical savannas and coastal deserts in both

Africa and South America. In these areas, they inhabit small bodies of water that

undergo large fluctuations, both daily and annually, in a number of biologically

relevant environmental factors. Rainy season ponds inhabited by A. limnaeus in

Venezuela (Podrabsky et al. 1998) may experience oxygen concentrations varying

from hyperoxic during the day to extremely hypoxic at night. The pH can range

over 3–4 units between ponds and several units in a single pond each day. Tem-

peratures range from the low 20s to the low 40s on a daily basis. Ponds can be dilute

with high quantities of organic acids, or highly turbid with as high as 1 ppt salinity

(Podrabsky et al. 1998). The sediments where embryos are deposited are almost

certainly extremely hypoxic or anoxic during periods of inundation (Podrabsky

et al. 1998). The rainy season in this part of Venezuela lasts from May through

August, but rain events can be highly variable and unpredictable during the rainy

season. It is likely that many ponds inhabited by annual killifish experience several

cycles of inundation and drying during a single rainy season. The dry season will

typically last for 6–8 months, but inundation of specific ponds may be separated by

several years depending on local weather patterns. Thus, embryos of A. limnaeus
may be trapped in drying mud for months to years. The time frame for drying of

their habitat has not yet been described, and thus the microenvironment experi-

enced by embryos during the dry season is currently unknown. The habitats of

various species of Nothobranchius from Africa have been described (Reichard et al.

2009; Watters 2009) and are very similar to those described here for A. limnaeus.
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While all three stages of diapause may have increased tolerance to environmen-

tal stress, diapause II is definitely the most resistant stage. In fact, diapause II

embryos may survive conditions that are far more extreme than the embryos are

likely to experience in their natural habitat. This “excessive” resistance is a

common theme in organisms that enter into states of profound metabolic dormancy

(Jonsson 2003). Very little molecular evidence exists to explain this increased

tolerance. Molecular and physiological evidence are accumulating and suggest

that diapausing embryos prepare for environmental stress prior to entry into dia-

pause as part of their natural developmental program. Thus, even though embryos

in diapause may have a limited ability to respond to environmental stress through

the production of large amounts of new proteins (Podrabsky and Hand 2000),

they may already be protected because they develop a “stress tolerant” phenotype

prior to entering diapause. For example, a heat inducible form of the molecular

chaperone hsp70 is constitutively expressed in early embryos of A. limnaeus and
the highest levels of this protein are observed during diapause II (Podrabsky and

Somero 2007). Elevated levels of heat shock proteins would presumably protect the

embryos from a variety of stresses during the dry season.

12.4.1 Temperature Tolerance

Temperatures may range from 10 to 42�C in the habitat of annual killifish from

Africa and South America, with average temperatures falling in the high 20s and

low 30s (Podrabsky et al. 1998; Reichard et al. 2009; Watters 2009). In general,

temperatures of annual killifish habitat will range on the warmer end of the

spectrum with very few days spent below 15�C. When given a choice, adult

A. limnaeus choose temperatures around 26–27�C (Podrabsky et al. 2008). Tem-

peratures may vary as much as 15�C on a daily basis during the rainy season

(Podrabsky et al. 1998). However, no data are currently available for temperatures

experienced by embryos during the dry season. Temperature tolerance in annual

killifish embryos has been studied most extensively in the African annual killifish

N. guentheri, and the data suggest that embryos are well suited to survive tempera-

tures common in their habitat. Matias and Markofsky (1978) found that diapause II

embryos could survive up to 5 h at �8�C and could survive long-term without

abnormalities at temperatures ranging from 3.4 to 32.7�C. Diapause II embryos

were able to survive for several days at 40�C. While no direct experiments to

determine the temperature tolerance of A. limnaeus embryos have been conducted,

it appears that their temperature tolerance is very similar (at least in the high range)

to that reported for N. guentheri (JEP unpublished data). However, in a study of

adult A. limnaeus exposed to a cycling temperature regime from 20 to 37�C on a

daily basis, fertilization rates were found to decline significantly (Podrabsky et al.

2008). This study also determined the temperature preference of the adult fish,

which in males appears to shift to cooler temperatures after exposure to temperature
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cycling. Taken together, these two pieces of evidence may suggest that spermato-

genesis is compromised in annual killifish at high temperatures.

12.4.2 Salinity Tolerance

Many annual killifish habitats are found in areas that will receive significant loads

of salts over time due to multiple inundation and drying cycles. In addition, the clay

soils that appear to be critical for annual killifish survival in especially xeric

environments (Watters 2009) may act to attract cations and cause them to accumu-

late over time. While ponds may begin as rather dilute solutions, there will inevita-

bly be an increase in the salinity of a pond as it dries, and levels of calcium and

other minerals can become very concentrated in the interstitial water of the soil just

prior to drying which eventually leads to salt precipitation. Thus, embryos of annual

killifish may have to endure rather high levels of salts in their natural environment.

Embryos of A. limnaeus are quite tolerant of elevated salinities and defend their

internal osmolality of around 300 mOsm/kg water even when exposed to 50 ppt

salinity medium (Machado and Podrabsky 2007). Embryos in diapause II can

survive for over a week in 70 ppt salinity and for several months in 35 and 50 ppt

salinity (Machado and Podrabsky 2007). Survival appears to be due to an excep-

tionally low permeability of diapause II embryos to salts and to water. Surprisingly,

diapause II embryos exhibit extremely slow rates of water exchange with their

aqueous medium. When exposed to a 100% deuterated water environment the

embryos will initially float in the “heavy water.” It takes over 10 days on average

for a diapause II embryo to exchange enough water for deuterated water to sink. By

comparison, zebrafish embryos of a similar developmental stage will sink in

deuterated water in a matter of minutes to hours, making diapause II embryos

over 1,000 times less permeable to water than zebrafish embryos (Machado and

Podrabsky 2007). Consistent with the overall low permeability of A. limnaeus
embryos to water, no increase in embryonic osmolality is observed after 4 days

of exposure to 50 ppt salinity medium, which indicates they are not accumulating

organic osmolytes to prevent osmotic imbalance. In addition, Na+K+-ATPase

activity is low in embryos during the duration of development, and actually

decreases in response to high salinities, which appears to indicate a reduction in

ion pumping in response to a salinity challenge (Machado and Podrabsky 2007).

Interestingly, ions and water are exchanged rather quickly across the egg envelope

under aqueous conditions and during the initial stages of dehydration (Podrabsky

et al. 2001; Machado and Podrabsky 2007). These data suggest that the cell

membranes of the enveloping cell layer, either alone or in conjunction with the

chemicals found in the perivitelline fluid, are the major site of resistance to water

and ion exchange with the environment. The unique properties of the enveloping

layer cells of annual killifish may also be key to their ability to survive in highly

desiccating environments (see below).
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12.4.3 Anoxia Tolerance

Inundated soils typically become hypoxic or anoxic within a few days of being

covered by standing water and this generality has been confirmed for the sediments

of ponds inhabited by A. limnaeus (Podrabsky et al. 1998). Therefore, embryos of

annual killifish are likely hypoxic or anoxic for the greater part of the rainy season

when the ponds are inundated. Exposure to elevated oxygen is likely limited to the

time period when most of the standing water has evaporated, but there is still

enough moisture available to support development and gas exchange (see below).

Thus, it is not surprising that embryos of annual killifish have evolved a high

tolerance to anoxia. Embryos of A. limnaeus are the most anoxia-tolerant verte-

brates described (Podrabsky et al. 2007). Diapause II embryos can survive well over

90 days (LT50 ¼ 65 days) in the complete absence of oxygen at 25�C. Even more

impressive, embryos that have broken diapause II and begin to actively develop

retain this substantial anoxia tolerance for at least 4 days, despite aerobic metabolic

rates that are over 80 times greater than those of diapause II embryos (Podrabsky

et al. 2007). Metabolism is supported by the production of lactate and small

amounts of alanine and succinate during prolonged bouts of anoxia (Podrabsky

et al. 2007). Interestingly, early embryonic stages through diapause II that exhibit

extreme tolerance of anoxia accumulate up to 10 mM gamma aminobutyric acid

(GABA) in response to anoxia while normoxic levels of this compound are not

detectable (Podrabsky et al. 2007). Heart rate declines and eventually stops within

the first 24 h of anoxia in embryos that are tolerant of long-term anoxia (diapause II

and 4 days postdiapause II). In contrast, later stage embryos that do not have a

substantial tolerance of anoxia (including diapause III embryos) experience a

decreased but sustained heart rate during anoxia until the death of the embryo,

indicating that metabolic depression is likely key for long-term survival of cardiac

tissue during oxygen deprivation (Fergusson-Kolmes and Podrabsky 2007).

The ability to survive prolonged anoxia is supported by a suite of characters in

all animals that includes suppression of metabolism, a reduction in the rate of

protein synthesis, and reduced ion conductance through membranes (channel

arrest) that leads to reduced costs for ion homeostasis (Hand and Hardewig 1996;

Hand 1998; Krumschnabel 2000; Hochachka and Somero 2002). Diapause II

embryos of A. limnaeus appear to be preadapted for survival of anoxia by having

an intrinsically low metabolic rate (Podrabsky and Hand 1999), severely reduced

rates of protein synthesis (Podrabsky and Hand 2000), and a generally low perme-

ability to ions which allows for a greatly reduced need for ATP consumption via ion

motive ATPases (Machado and Podrabsky 2007).

12.4.4 Dehydration Tolerance

Regular drying of ponds appears to be a requirement for long-term survival of most

populations of annual killifish. Embryos may have to endure several weeks to
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several years without the availability of free water. Loss of water from the drying

sediments in which they are encased is likely to be relatively slow, taking several

weeks once the standing water is gone. Slowing of water loss is facilitated by the

particular kinds of clay soils that are commonly found in annual killifish habitats,

and these clay minerals may even be required for long-term survival of African

annual killifish in a given location (Watters 2009). Most of what is known about

survival during water deprivation in annual killifish embryos comes from a single

study on embryos of A. limnaeus (Podrabsky et al. 2001). When exposed to

dehydrating conditions, embryos of A. limnaeus respond by reducing evaporative

water loss. All developmental stages in A. limnaeus can survive for long periods of

time in 85% relative humidity (RH) if they are initially dried on damp filter paper

for 3–4 days (Podrabsky et al. 2001). However, only diapause II embryos can

survive prolonged exposure to environments below 85% RH. Survival of 75.5%

RH is over 100 days and possibly considerably longer, while 50% RH is tolerated

for over a month. During the initial 3–4-day exposure to dehydrating conditions,

and even while placed on damp filter paper, embryos lose about 50% of their water

(Fig. 12.3). This water can be accounted for almost entirely by loss of water from

the perivitelline space, while the embryonic compartment remains fully hydrated.

In fact, differential scanning calorimetry of embryos exposed to 1 week of 75.5%

RH indicates a large and single hydrated compartment in the embryos that acts

almost exactly like bulk water (Podrabsky et al. 2001). The loss of the perivitelline

fluid is easily observed in embryos exposed to desiccating conditions, while the

embryo and yolk compartments retain their initial size for several months

(Fig. 12.3, Podrabsky et al. 2001). The egg envelope of annual fish is thicker than

in most other species of fish (Schoots et al. 1982). This thickness and a unique

protein composition/structure may contribute to dehydration avoidance in annual

killifish. This supposition is supported by changes in the secondary structure of

dehydrated egg envelope proteins that suggest a higher amount of intermolecular

interactions between adjacent protein fibers (Podrabsky et al. 2001). In F. heteroclitus
embryos, the egg envelope may be the main biological barrier to retain water in the

embryonic compartments during air exposure at high relative humidity, although

this structure itself may suffer significant water loss (Tingaud-Sequeira et al. 2009)

(Fig. 12.4). However, the presence of the egg envelope cannot explain the pro-

longed resistance to dehydration observed in diapause II embryos of A. limnaeus
(Podrabsky et al. 2001). The increased resistance to dehydration observed in

diapause II is postulated to be due to either the excretion of some hydrophobic

substance into the perivitelline fluid, or to the vitrification of the perivitelline fluid

due to the massive loss of water from this compartment during the initial stages of

dehydration. Neither of these possibilities has yet been explored (Podrabsky et al.

2001). Interestingly, microarray analysis of air-incubated F. heteroclitus embryos

has revealed the accumulation of certain sugar-binding lectin mRNAs that might

play a role to increase the viscosity of the perivitelline fluid (Tingaud-Sequeira and

Cerdà, unpublished data).

At high relative humidity (near air saturation), gas exchange is presumably

enhanced in embryos exposed to an aerial environment. However, under more
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extreme dehydrating conditions, the induction of mechanisms that reduce evapora-

tive water loss and thus promote long-term survival will inevitably limit gaseous

exchange of oxygen and carbon dioxide as well. Thus, the extreme tolerance of

dehydration observed in diapause II embryos of A. limnaeus may be related to their

ability to survive a self-imposed anoxia during dehydrating conditions. It is highly

likely that these two characters, anoxia tolerance and dehydration avoidance,

evolved together. It is logical to predict that anoxia tolerance was acquired first,

because this is a more common problem in aquatic environments, especially in

inundated soils, and that dehydration tolerance followed. The interdependence of

these two very different environmental stresses has not been addressed, but pro-

mises to be a very interesting avenue for future studies.

a b

c

Fig. 12.3 Embryos of A. limnaeus survive environmental dehydration by reducing evaporative

water loss. (a) An embryo under aqueous conditions illustrating the relationship between the egg

envelope (EN), the perivitelline fluid (PF), and the embryo þ yolk compartment (E). The large

bright circle is an oil droplet (O) contained within the yolk. (b) A diapause II embryo exposed to a

week of dehydration at 75.5% relative humidity. Note the lack of the perivitelline space. (c)

Almost 50% of the total embryonic water is lost from the perivitelline fluid during the first 4 days

of exposure to 75.5% relative humidity, but subsequently evaporative water loss from the

embryonic compartment is very slow. Symbols are means �SEM (n ¼ 3). Data are from

Podrabsky et al. (2001)
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12.4.4.1 Role of Aquaporins During Dehydration Resistance

Aquaporins belong to a superfamily of integral membrane proteins widespread in

all organisms that passively transport water and other noncharged small solutes

across cell membranes (King et al. 2004). Aquaporins are implicated in various

responses to osmotic challenge, including urine concentration in mammals (Nielsen

et al. 1995), water shunting in sap-sucking insects (Beuron et al. 1995), tolerance of

seawater consumption in birds (M€uller et al. 2006), and intestinal water absorption

a b

c d

Fig. 12.4 Scanning electron micrographs of the egg envelope of 12 days old F. heteroclitus
embryos incubated in water (a and b) or in air (c and d) from the blastula stage. Lateral (a and c)

and internal (b and d) views of transversal sections of egg envelopes. In embryos incubated in air,

the egg envelope layers are not as closely packed as in water-incubated embryos, resulting in a

thicker chorion (compare a and c). In d, the outer layers of the egg envelope of air-incubated

embryos show a fibrillar structure, possibly caused by evaporative water loss, while the inner
layers had the same structural aspect as those of embryos continuously incubated in water. Scale
bars, 5 mm
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in marine fish (Martinez et al. 2005; Raldúa et al. 2008). In many organisms,

including plants, insects, and desert rodents, aquaporin transcription and/or protein

concentration are differentially regulated during desiccation tolerance (Smith-Espi-

noza et al. 2003; Kikawada et al. 2008; Philip et al. 2008; Gallardo et al. 2005).

These findings suggest that aquaporins might play a role during this process

although their function has not been directly demonstrated yet.

In annual killifish, the potential role of aquaporins during dehydration tolerance,

as well as during entrance or exit from diapause, has not been investigated.

In F. heteroclitus, the ability of embryos to avoid dehydration and accelerate

development has recently led to the investigation of the potential function of

aquaporins during aerial exposure. F. heteroclitus aquaporin-0 (FhAqp0) and

aquaporin-1 (FhAqp1), and the water and glycerol channel aquaporin-3

(FhAqp3), are all expressed during embryogenesis, but whereas the fhaqp0 and

fhaqp1 mRNA levels are low until organogenesis starts, those of fhaqp3 are highly

and transiently expressed in blastomeres during gastrulation (Tingaud-Sequeira

et al. 2009). Immunolocalization experiments revealed the presence of the

FhAqp3 protein in the basolateral membrane of the cells of the enveloping layer

(EVL) as well as in the membrane of ingressing and migrating blastomeres at the

marginal region of the blastoderm. Remarkably, FhAqp3 transcript and protein

levels seem to be down-regulated in air-exposed embryos with respect to embryos

continuously immersed in seawater. However, in air-exposed embryos a reduction

of FhAqp3 accumulation in the plasma membrane is only seen in the EVL, whereas

the migrating blastomeres retain FhAqp3 in the membrane. The physiological

significance of these findings is not known although it may be speculated that the

regulation of FhAqp3 may be part of a coordinated set of adaptations to reduce

evaporative water loss from the embryo through the EVL. FhAqp3 might also be

controlled to regulate the migration of blastomeres (Papadopoulos et al. 2008),

since gastrulation probably occurs at an increased rate in air-exposed embryos

compared with water-incubated embryos, which would be consistent with the

retention of FhAqp3 in the plasma membrane of the migrating blastomeres in

these embryos. These hypotheses remain to be investigated, as well as the func-

tional relationship of FhAqp3 with other aquaporins that may be expressed during

early embryogenesis (as shown in mammalian embryos, Barcroft et al. 2003;

Edashige et al. 2006), and play a role during dehydration resistance.

12.5 Future Prospects

The tolerance of annual killifish embryos to a variety of environmental stresses

makes them an extremophile among the vertebrates. The possibility that embryonic

diapause has evolved multiple times on at least two continents, and the remarkable

similarity between these presumably convergent phenotypes suggests that diapause

may be rather easily evolved in annual killifish. If this is in fact the case, then it

may be feasible to identify the major molecular changes that underlie metabolic
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dormancy and increase tolerance of cell stress in vertebrate tissues by identifying a

rather small number of genetic or epigenetic traits. In many situations, the condi-

tions that these embryos endure are very similar to those that cause major damage in

mammalian tissues as a consequence of injury or disease. For example, the long-

term tolerance of A. limnaeus embryos to anoxia may provide a model for mediat-

ing the harmful effects of heart attack or stroke in humans. How is mitochondrial

integrity maintained and how is apoptosis avoided after long-term oxygen depriva-

tion? How is it possible to reduce metabolism to such low rates, and still maintain

cell viability? The use of annual killifish embryos as a model for understanding how

to engineer vertebrate cells to enter metabolic dormancy or survive environmental

stress offers a new and promising route to developing novel insights and therapies

for human diseases.
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Dehydration-inducible changes in expression of two aquaporins in the sleeping chironomid,

Polypedilum vanderplanki. Biochim Biophys Acta 1778:514–520

King LS, Kozono D, Agre P (2004) From structure to disease: the evolving tale of aquaporin

biology. Nat Rev Mol Cell Biol 5:687–698

Koenig CC, Livingston RJ (1976) The embryological development of the diamond killifish

(Adinia xenica). Copeia 1976:435–445
Krumschnabel G (2000) Cellular and molecular basis of anoxia-tolerance and -intolerance in

vertebrates: comparative studies using hepatocytes from goldfish and trout. Recent Res Dev

Comp Biochem Physiol 1:1–11

Lee DS, Gilbert CR, Hocutt VH, Jenkins RE, McAllister DC, Stauffer JR (1980) Atlas of North

American freshwater fishes. North Carolina State Museum of Natural History, Publication of

the North Carolina Biological Survey No. 1980-12

Lesser MP, Martini FH, Heiser JB (1996) Ecology of the hagfish. Myxine glutinosa L. in the Gulf

of Maine I. Metabolic rates and energetics. J Exp Mar Biol Ecol 208:215–225
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Levels PJ, Gubbels REMB, Denucé JM (1986) Oxygen consumption during embryonic develop-

ment of the annual fish Nothobranchius korthausae with special reference to diapause. Comp

Biochem Physiol 84A:767–770

Machado BE, Podrabsky JE (2007) Salinity tolerance in diapausing embryos of the annual killifish

Austrofundulus limnaeus is supported by exceptionally low water and ion permeability.

J Comp Physiol B 177:809–820

Markofsky J, Matias JR (1977) The effects of temperature and season of collection on the onset

and duration of diapause in embryos of the annual fish Nothobranchius guentheri. J Exp Zool

202:49–56

12 Metabolic Dormancy and Responses to Environmental Desiccation in Fish Embryos 223



Markofsky J, Matias JR, Inglima K, Vogelman JH, Orentreich N (1979) The variable effects of

ambient and artificial light: dark cycles on embryonic diapause in a laboratory population of

the annual fish Nothobranchius guentheri. J Exp Biol 83:203–215

Martin KLM (1999) Ready and waiting: delayed hatching and extended incubation of anamniotic

vertebrate terrestrial eggs. Am Zool 39:279–288

Martinez AS, Cutler CP, Wilson GD, Phillips C, Hazon N, Cramb G (2005) Regulation of

expression of two aquaporin homologs in the intestine of the European eel: effects of seawater

acclimation and cortisol treatment. Am J Physiol Regul Integr Comp Physiol 288:

R1733–R1743

Matias JR, Markofsky J (1978) The survival of embryos of the annual killifish Nothobranchius
guentheri exposed to temperature extremes and the subsequent effects on embryonic diapause.

J Exp Zool 204:219–228

McDowall RM, Charteris SC (2006) The possible adaptive advantages of terrestrial egg deposition

in some fluvial diadromous galaxiid fishes (Teleostei: Galaxiidae). Fish Fish 7:153–164

M€uller C, Sendler M, Hildebrandt JP (2006) Downregulation of aquaporins 1 and 5 in nasal gland

by osmotic stress in ducklings, Anas platyrhynchos: implications for the production of hyper-

tonic fluid. J Exp Biol 209:4067–4076

Murphy WJ, Collier GE (1997) A molecular phylogeny for Aplocheiloid fishes (Atherinomorpha,

Cyprinodontiformes): the role of vicariance and the origins of annualism. Mol Biol Evol

14:790–799

Murphy WJ, Nguyen TN, Taylor EB, Collier GE (1999) Mitochondrial DNA phylogeny of West

African Aplocheiloid killifishes (Cyprinodontiformes, Aplocheilidae). Mol Phylogenet Evol

11:343–350

Nielsen S, Chou CL, Marples D, Christensen EI, Kishore BK, Knepper MA (1995) Vasopressin

increases water permeability of kidney collecting duct by inducing translocation of aquaporin-

CD water channels to plasma membrane. Proc Natl Acad Sci USA 92:1013–1017

Nilsson GE, Renshaw GMC (2004) Hypoxic survival strategies in two fishes: extreme anoxia

tolerance in the North European crucian carp and natural hypoxic preconditioning in a coral-

reef shark. J Exp Biol 207:3131–3139

O’Boyle S, Bree RT, McLoughlin S, Grealy M, Byrnes L (2007) Identification of zygotic genes

expressed at the midblastula transition in zebrafish. Biochem Biophys Res Commun

358:462–468

Papadopoulos MC, Saadoun S, Verkman AS (2008) Aquaporins and cell migration. Pflugers Arch

456:693–700

Peters N (1963) Embryonale anpassungen oviparer Zahnkarpfen aus periodisch austrocknenden

Gew€assern. Int Rev Ges Hydrobiol 48:257–313

Peters N (1965) Diapause und embryonale missbildung bei eierlegenden Zahnkarpfen. Wilhelm

Roux Arch Entwickl Mech Org 156:75–87

Philip BN, Yi SX, Elnitsky MA, Lee RE Jr (2008) Aquaporins play a role in desiccation and freeze

tolerance in larvae of the goldenrod gall fly, Eurosta solidaginis. J Exp Biol 211:1114–1119

Pletcher FT (1963) The life history and distribution of lampreys in the Salmon and certain other

rivers in British Columbia, Canada. M.Sc. Thesis, The University of British Columbia,

Vancouver, BC, p 195

Podrabsky JE, Hand SC (1999) The bioenergetics of embryonic diapause in an annual killifish,

Austrofundulus limnaeus. J Exp Biol 202:2567–2580

Podrabsky JE, Hand SC (2000) Depression of protein synthesis during diapause in embryos of the

annual killifish Austrofundulus limnaeus. Physiol Biochem Zool 73:799–808

Podrabsky JE, Somero GN (2007) An inducible 70 kDa-class heat shock protein is constitutively

expressed during early development and diapause in the annual killifish Austrofundulus
limnaeus. Cell Stress Chaperones 12:199–204

Podrabsky JE, Hrbek T, Hand SC (1998) Physical and chemical characteristics of ephemeral pond

habitats in the Maracaibo and Llanos region of Venezuela. Hydrobiologia 362:67–78

224 J.E. Podrabsky et al.



Podrabsky JE, Carpenter JF, Hand SC (2001) Survival of water stress in annual fish embryos:

dehydration avoidance and egg envelope amyloid fibers. Am J Physiol Integr Regul Comp

Physiol 280:R123–R131

Podrabsky JE, Lopez JP, Fan TWM, Higashi R, Somero GN (2007) Extreme anoxia tolerance in

embryos of the annual killifish Austrofundulus limnaeus: insights from a metabolomics analysis.

J Exp Biol 210:2253–2266

Podrabsky JE, Clelen D, Crawshaw LI (2008) Temperature preference and reproductive fitness of

the annual killifish Austrofundulus limnaeus exposed to constant and fluctuating temperatures.

J Comp Physiol A 194:385–393

Powers DA, Lauerman T, Crawford D, DiMichele L (1991) Genetic mechanisms for adapting to a

changing environment. Annu Rev Genet 25:629–659

Pusey BJ (1989) Aestivation in the teleost fish Lepidogalaxias salamandroides (Mees). Comp

Biochem Physiol 92A:137–138
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fine structural changes in the egg envelope during enzymatic breakdown in vivo and in vitro.

J Ultrastruct Res 80:185–196

Scott WB, Crossman EJ (1998) Freshwater Fishes of Canada. Galt House Publications Ltd.,

Oakville, Canada

Seale A (1910) The successful transference of black bass into the Philippine Islands with notes on

the transportation of live fish long distances. Philippine J Sci 5:153–159

Simpfendorfer CA (1992) Reproductive strategy of the Australian sharpnose shark, Rhizopriono-
don taylori (Elasmobranchii: Carcharhinidae), from Cleveland Bay, northern Queensland.

Aust J Mar Freshwater Res 43:67–75

Smith HW (1930) Metabolism of the lung-fish, Protopterus aethiopicus. J Biol Chem 88:97–130

Smith-Espinoza CJ, Richer A, Salami F, Bartels D (2003) Dissecting the response to dehydration

and salt (NaCl) in the resurrection plant Craterostigma plantagineum. Plant Cell Environ
26:1307–1315

Taylor MH (1986) Environmental and endocrine influences on reproduction of Fundulus hetero-
clitus. Am Zool 26:159–171

Taylor MH (1991) Entrainment of the semilunar reproductive cycle of Fundulus heteroclitus. Proc
4th Int Symp Reprod Physiol Fish, Sheffield: Fish Symp 91:157–159

Taylor MH (1999) A suite of adaptations for intertidal spawning. Am Zool 39:313–320

Taylor MH, DiMichele L, Leach GJ (1977) Egg stranding in the life cycle of the Mummichog,

Fundulus heteroclitus. Copeia 1977:397–399
Taylor MH, Leach GJ, DiMichele L, Levitan WM, Jacob WF (1979) Lunar spawning cycle in the

mummichog, Fundulus heteroclitus (Pisces: Cyprinodontidae). Copeia 1979:291–297
Tewksbury HT, Conover DO (1987) Adaptive significance of intertidal egg deposition in the

Atlantic Silverside Menidia menidia. Copeia 1987:76–83
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Chapter 13

Mammalian Hibernation: Physiology, Cell

Signaling, and Gene Controls on Metabolic

Rate Depression

Kenneth B. Storey, Gerhard Heldmaier, and Mark H. Rider

Abstract During the hibernating season, small mammals may suppress their meta-

bolic rate during cyclic periods of deep torpor by as much as 99% as compared with

normothermia. Endocrine regulation of metabolic depression is still poorly under-

stood but recent studies suggest involvement of hormones including iodothyro-

namine, leptin, and ghrelin. At the intracellular level, suppression of many

metabolic functions is achieved via reversible protein phosphorylation of metabolic

enzymes, protein synthesis translation factors, and ion pumps. Potential roles for

signaling enzymes such as the AMP-activated protein kinase in the coordination of

metabolic suppression have been analyzed. Recent advances in the control of global

gene expression have identified participating mechanisms including histone modifi-

cations that affect chromatin structure, SUMOylation to suppress transcription factor

action, and differential regulation of mRNA transcripts by interaction with micro-

RNA species. However, despite global transcriptional suppression, selected transcrip-

tion factors are active during torpor bouts triggering the up-regulation of specific

genes that serve the hibernation phenotype.

13.1 Metabolic Depression in Hibernation

Mammalian hibernation is an amazing phenomenon. Hibernating mammals have

the remarkable ability to reduce metabolic rate to a fraction of basal and allow their

body temperature (Tb) to fall to near ambient. They typically maintain this torpid
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state with depressed metabolism and low body temperature for 5–15 days and then

spontaneously interrupt torpor by an arousal. During arousal animals raise their Tb

by endogenous heat production so that Tb rises from the torpid level (often about

5�C) to normothermia at 36�C within a few hours. This aroused state is maintained

for about 1 day before they enter deep torpor again. This succession of entry into

torpor, deep torpor, arousal, and aroused state is called a hibernation bout. The

entire hibernation season is a sequence of 10–20 such hibernation bouts, depending

on the duration of the season and the length of the deep torpor periods. At the

beginning of the hibernation season most species display short torpor bouts, which

lengthen toward midwinter and then decrease again toward the end of the hiberna-

tion season. This is observed when squirrels and marmots are hibernating in their

natural environment, as well as in the laboratory under constant conditions (Wang

1979; Nicol and Andersen 2000; Buck and Barnes 2000; Ortmann and Heldmaier

2000; Carey et al. 2003; Heldmaier et al. 2004). This indicates that hibernators

actively control the timing of hibernation bouts as well as the depth and duration of

deep torpor.

The extent of metabolic depression in hibernation can range up to 97–99%

compared with metabolic rate in normothermia. For example, data for hibernating

dormice, Glis glis, are shown in Table 13.1. This species may display rather long

torpor bouts and the longest period spent in deep torpor lasted for 30 days.

Obviously, the small amount of energy gained from oxidative metabolism, which

is between 1 and 2% of resting energy requirements (3% basal metabolic rate) is

enough to maintain the entire cellular and metabolic machinery intact and even

allows the initiation of a spontaneous arousal. Similar low levels of metabolic rate,

ventilatory, and cardiac activity in deep hibernation have also been observed in

other hibernators including chipmunks, 13-lined ground squirrels, arctic ground

squirrels, marmots, hedgehogs, bats, and marsupials (Lyman and O’Brien 1960; for

review see: Geiser 1988, 2004; Heldmaier and Ruf 1992; Milsom et al. 2001;

Heldmaier et al. 2004). In this deep torpor, hibernators are still able to respond to

tactile or thermal stimuli and they also thermoregulate, controlling their metabolic

heat production to prevent body temperature falling below a desired level, or to

prevent freezing when ambient temperature falls below 0�C. When arousal is

initiated, either spontaneously or by an external stimulus, they can raise their

metabolic rate within minutes from this ignition level to the high normothermic

Table 13.1 Reduction of body temperature Tb, metabolic rate MR, ventilation rate VR and heart

rate HR during deep torpor in hibernating dormice, Glis glis. Compiled from Wilz and Heldmaier

(2000) and Elvert and Heldmaier (2005)

Tb (�C) MR

(ml O2 g
�1 h�1)

Energy

(mWatt g�1)

VR (breath

min�1)

HR (beats

min�1)

Normothermic at

7�C ambient

36.7 1.42 7.726 114 314.8

Deep torpor at 7�C
ambient

7.2 0.017 0.092 0.41* 8.2

Reduction (%) 98.8% 98.8% 99.4% 97.4%

*At this temperature dormice are apneic for 20–25 min and then take 9–11 breaths within 2 min
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level of heat production even though their Tb has not yet increased much above the

hibernation level.

Despite convincing evidence for a major depression of physiological functions

in hibernators, it is still not fully known how they adjust their metabolic organiza-

tion at this low level. Basal metabolic rate at thermoneutrality (BMR) is generally

considered as the minimum energy requirement of endotherms to maintain integrity

of the living organisms. In dormice BMR generates 3.3 mW g�1 (0.6 ml O2

g�1 h�1) which is reduced to 0.092 mW g�1 in torpor and obviously this is enough

to maintain basic functions of a torpid endotherm. In the torpid state, the rates of

many cellular activities such as transmembrane ion movements are suppressed

(Storey and Storey 2004) whereas other activities such as transcription, translation,

and protein degradation are almost completely abolished (van Breukelen and

Martin 2001, 2002; Berriel Diaz et al. 2004). Several physiological functions are

also suspended, like the immune system as well as digestive functions (for review

see Carey et al. 2003). All these functions are temporarily suppressed in deep torpor

but can be rapidly restored during arousal.

Entrance into torpor is initiated by spontaneous metabolic depression as illustrated

in Fig. 13.1. Ventilation, oxygen consumption, and heart rate are rapidly reduced

whereas Tb declines gradually as a consequence of diminished heat production by
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Fig. 13.1 Entrance into deep torpor in a hibernating dormouse Glis glis at an ambient temperature

of 5�C. The dormouse was kept in an aviary and could enter hibernation spontaneously in its

sleeping box. Tb and heart rate were recorded continuously by an intraperitoneally implanted

transmitter (DSI). The sleeping box was designed as a whole body plethysmograph which allowed

the simultaneous measurement of ventilation and metabolic rate. Modified from Elvert and

Heldmaier (2005)

13 Mammalian Hibernation: Physiology, Cell Signaling, and Gene Controls 229



the body. This relationship is obvious from a comparison of the time required for

90% of the changes to occur. In G. glis suppression of ventilation frequency requires
82 min, metabolic rate 83 min, and heart rate 93 min, whereas Tb takes 343 min to

reach the 90% threshold (Elvert and Heldmaier 2005). This delay of thermal transi-

tion as compared with metabolic and cardiac transition into hibernation has also been

observed in other species including 13-lined ground squirrels, woodchucks, and

marmots (Lyman 1958; Lyman and O’Brien 1960; Ortmann and Heldmaier 2000)

as well as in species that exhibit daily torpor (Heldmaier and Ruf 1992; Heldmaier

et al. 1999).

The initial rapid metabolic depression includes an inhibition of thermoregulatory

heat production and a suppression of metabolic rate below the level of basal

metabolic rate. The significance of the latter is also demonstrated by the fact that,

for example, dormice may actually enter torpor at an ambient temperature of

28.6�C which is at the upper end of the thermoneutral zone in this species, and

can even be considered to be a moderate heat exposure (Heldmaier and Elvert

2004). The ability to enter torpor at high ambient temperatures has also been

demonstrated in species such as marsupials (Song et al. 1997), spiny mice (Ehrhardt

et al. 2005; Gutman et al. 2006), and lemurs (Dausmann et al. 2009), indicating that

this ability is widespread in mammals. Overall, then, it is concluded that metabolic

depression during early entrance into torpor is not the consequence of low body

temperature but that low body temperature is the consequence of reduced metabolic

heat production.

Most hibernators develop substantial hypothermia while in deep hibernation and

this will slow down all biochemical processes and contribute to the depression of

metabolic rate. The above conclusion about an active metabolic depression in

hibernation does not deny these thermodynamic constraints. There is a controversial

discussion about the actual role of these temperature effects (Heldmaier and Ruf

1992; Guppy and Withers 1999; Geiser 2004). Hibernators are endotherms and like

all endotherms they are able to actively control their metabolic rate. They have to

cope with thermodynamic constraints to adjust their physiological and metabolic

requirements in normothermia as well as in the torpid state. An interaction between

active metabolic rate depression and temperature effects can be illustrated by

several examples. The initial metabolic depression during entrance into hibernation

does not immediately reach the minimum metabolic rate in hibernation. This final

adjustment of minimum metabolic rate is only observed when Tb decreases below

20�C (Fig. 13.1), i.e., low temperature opens a thermodynamic window for maxi-

mum metabolic depression (Heldmaier and Elvert 2004). This is also supported

by the observation of relatively high metabolic rates in hibernating fat-tailed lemurs

on Madagascar that remain torpid in a relatively warm environment with ambient

and body temperatures cycling between 13 and 33�C every day (Dausmann et al.

2005, 2009).

Another example that supports the active control of metabolic rate is the

observation that at Tb values close to the freezing point, metabolic rate can be

raised in deep torpor to generate more heat and prevent the freezing of body water.

Thermoregulatory control of heat production is continued in deep torpor, which is
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also obvious from the maintenance of peripheral thermal sensitivity and hypotha-

lamic thermoregulatory control in deep torpor (Florant and Heller 1977; Buck and

Barnes 2000; Ortmann and Heldmaier 2000). The extent of metabolic rate reduction

in deep torpor is more pronounced in small hibernators than in larger ones, which is

also contradictory to simple temperature change as the explanation for metabolic

depression. In addition, the extent of metabolic depression is often greater than that

expected from known temperature effects on metabolic rate (Geiser 1988, 2004;

Heldmaier and Ruf 1992) and is also variable for different organs and for different

biochemical processes. For example, in deep hibernation the heart continues its

pumping activity whereas digestive processes are suspended. Global rates of gene

transcription and protein translation are strongly suppressed, yet selective expres-

sion of some genes and synthesis of some proteins continues. In summary, this

suggests that hibernators are not simply victims of low temperature but exhibit

controlled regulation of metabolism to maintain functional integrity at low Tb in the

torpid state.

13.1.1 Endocrine Signaling

The endocrine signals that induce entrance into torpor as well as the metabolic

switches operated by this signaling are still unknown. This is illustrated by the fact

that entrance into hibernation still cannot be induced artificially. Indeed, to analyze

the physiology of this transition, researchers still require patience and may have to

observe their animals for weeks until they spontaneously enter hibernation or daily

torpor. Recently, there have been several attempts to induce entrance into torpor

using metabolic inhibitors. These experiments are based on the assumption that the

first step of entrance may be associated with an inhibition of glycolysis or other

major ATP-generating processes. One of the inhibitors that has been tested is 2-

deoxyglucose which blocks glycolysis and forces a shift toward energy production

via lipid utilization, which is one of the long-term pathway changes that occurs in

natural torpidity. An injection of 2-deoxyglucose caused moderate hypothermia for

a short period of time in Djungarian hamsters, but it remains an open question as to

whether this really resembles natural and spontaneous torpor behavior with regard

to duration, depth, incidence, and circadian timing of torpor bouts (Dark et al.

1996). Hypothermic responses were also observed in mice exposed to an H2S

atmosphere and in mice injected with 50-AMP (Blackstone et al. 2005; Zhang

et al. 2006; Swoap et al. 2007). The response of mice to 80 ppm H2S looked rather

similar to a spontaneous torpor bout (initial rapid metabolic inhibition, gradual

development of hypothermia) but whether H2S can trigger the same biochemical

changes that occur during a spontaneous torpor bout remains to be demonstrated.

In mice a hypothermic response has also been observed following an injection of

iodothyronamine, a newly discovered hormone that is derived by transamination

from thyroid hormone (Scanlan et al. 2004). The hypothermic response to iodothyr-

onamine was analyzed in Djungarian hamsters (Phodopus sungorus) and directly

compared with the physiology of spontaneous daily torpor in this species.
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An inhibitory activity was confirmed, but the extent of metabolic rate depression

and the hypothermic response were less pronounced than in spontaneous torpor.

Furthermore, iodothyronamine caused a rapid and long-lasting reduction in respi-

ratory quotient (RQ), indicating a reduction in carbohydrate utilization, which was

much more pronounced than the small change in RQ during spontaneous daily

torpor (Braulke et al. 2008). Thyroid hormones are known to affect metabolic rate,

which may include an inhibitory action of iodothyronamine. However, current

results indicate that 3-iodothyronamine cannot be the primary candidate for the

initiation of metabolic rate depression in torpor. Other endocrine regulators of

energy homeostasis include leptin, an indicator for lipid storage, and ghrelin, an

indicator for lack of food intake. Both hormones act on the hypothalamus and

activate neuropeptide Y-dependent signaling of, for example, the arcuate nucleus.

Injections of leptin reduced torpor incidence in several species of small mammals

whereas injections of ghrelin prolonged torpor bouts in mice (Dark et al. 1996;

Gluck et al. 2006). This indicates that the expression of torpor behavior is under

control of the hypothalamic energy homeostasis network, but it is not known which

endocrine or neural outputs of the hypothalamus are the signal(s) for control of torpor

behavior and metabolic depression (for review see Drew et al. 2007). It is noteworthy

here that modulation of AMP-activated protein kinase (AMPK – see below) activity

in the hypothalamus by adipokines and gut-derived peptides plays a role in food

intake. A decrease in hypothalamic AMPK activity is associated with decreased

feeding, whereas AMPK activation increases food intake (Xue and Kahn 2006).

13.2 Metabolic Regulation by Reversible Phosphorylation

Although the extracellular signals that trigger metabolic depression are still unclear,

considerable progress has been made in revealing the intracellular mechanisms that

trigger, regulate, and coordinate subcellular responses to reversibly suppress intra-

cellular metabolism. The next sections address issues including enzyme regulation,

signaling cascades and the regulation of gene expression as they relate to metabolic

suppression, and the reorganization of metabolism for long-term survival in the

hypometabolic state.

The posttranslational modification of proteins by the addition or removal of

covalently bound phosphate groups via the action of protein kinases or protein

phosphatases is a widespread and extremely powerful method of metabolic control

across the animal kingdom. The mechanism often provides complete on/off control

of enzymes via changes in their kinetic properties, and more generally can affect the

subcellular localization of proteins, protein–protein, protein–lipid, protein–DNA/

RNA interactions, and protein stability. A large number of studies have shown that

reversible phosphorylation is a critical mechanism of metabolic rate depression that

is responsible for the coordinated, yet differential, suppression of many cellular

processes when organisms enter hypometabolic or torpid states including during

daily torpor, hibernation, aestivation, anaerobiosis, diapause, dauer state, and
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anhydrobiosis, to name a few (for review Storey and Storey 2004, 2007). With

respect to the profound torpor bouts in hibernation, reversible phosphorylation is

known to regulate enzymes of carbohydrate catabolism and other pathways of

energy metabolism, ion motive ATPases, and protein synthesis (ribosomal initia-

tion and elongation factors), among others. Reversible phosphorylation also con-

trols many steps in signal transduction cascades (e.g., many protein kinases are

themselves subject to on/off control by other kinases) as well as the activation of

many transcription factors, so the mechanism undoubtedly participates in all of the

cell signaling and gene expression events that occur over torpor-arousal cycles.

Multiple metabolic enzymes are regulated by reversible phosphorylation during

hibernation (reviewed by Storey 1997) and recently, skeletal muscle creatine kinase

and hexokinase (HK) from Richardson’s ground squirrels (Spermophilus richard-
sonii) have been added to the list (Abnous and Storey 2007, 2008). HK offers an

interesting example. This enzymatic reaction (glucose þ ATP ! G6P þ ADP)

gates the entry of glucose (taken up from blood) into glycolysis. As compared

with the enzyme from euthermic animals, HK from muscle of animals in deep

torpor showed 33% lower activity, reduced affinity for ATP (the Km for ATP rose

by 80%), and greater product inhibition by glucose-6-phosphate (the Ki for G6P

decreased by 40%), all effects that would reduce HK action during torpor (Abnous

and Storey 2008). Stimulation of AMPK in muscle extracts from squirrels in deep

torpor restored HK activity and decreased the Km for ATP, but did not affect

euthermic HK (Fig. 13.2d). Consistent with this, ion exchange chromatography

revealed two peaks of HK activity in torpid muscle, representing low and high

phosphate forms, whereas only a single peak of phospho-HK was present in

euthermic muscle (Fig. 13.2a). Incubations that stimulated AMPK or protein

phosphatases shifted the elution profiles of these peaks appropriately (Fig. 13.2b)

and stimulation of AMPK also enhanced 32P-labeling of HK (Fig. 13.2c). Hence,

the properties of HK appear to be modified when animals enter the torpid state in a

manner that suppresses enzyme function by dephosphorylating the enzyme. The

main HK isozyme (HK-II) in ground squirrel muscle is the form that is believed to

target glucose toward anabolic fates including glycogen synthesis or the pentose

phosphate cycle. Suppression of this HK action when animals enter torpor would

therefore help to restrict the use of imported glucose for anabolic activities in the

hypometabolic state. This makes sense because the main source of free glucose

during torpor would be glucose released from glycogen stores in the liver and this

glucose must be preferentially targeted to organs such as brain that have low

internal glycogen reserves and little ability to use lipid fuels (except ketone bodies).

13.3 Metabolic Signaling in Hypometabolic States

Entry into torpor requires both global controls to slow all metabolic functions and

differential regulation of many loci to reprioritize energy (ATP) use during torpor

and to ensure that required cell preservation mechanisms are fully expressed.
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Much of this is regulated via signal transduction cascades responding to environ-

mental, extracellular, or intracellular stimuli. Changes in the phosphorylation states

of enzymes and functional proteins as well as changes in gene expression attest to

the fact that differential regulation of signaling cascades must occur during entry

into and exit from torpor (for review Carey et al. 2003; Storey and Storey 2004,

2007). Indeed, multiple examples of differential control of signal transduction

enzymes are known to date. For example, cyclic AMP-dependent protein kinase

(PKA) that is involved in intermediary energy metabolism and in brown fat

activation is differentially regulated in the organs of hibernator species, Akt (also

called PKB) which has a major role in insulin-mediated growth responses is
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Fig. 13.2 Hexokinase from skeletal muscle of Richardson’s ground squirrels, Spermophilus
richardsonii. (a) Elution profiles of HK on DEAE Sephadex ion exchange columns (developed

using a 0–400 mM KCl gradient in buffer) show a single peak in euthermia and a double peak in
muscle from squirrels in deep torpor. (b) Preincubation of extracts from muscle of torpid animals

under conditions that stimulated AMPK shifted all HK into the high phosphate form ( peak II)
whereas incubation of euthermic extracts under conditions that stimulated protein phosphatase 1

action converted the enzyme to the low phosphate ( peak I) form. (c) Extracts from muscle

of torpid squirrels were incubated with g-32P-ATP under control conditions (no additions)

vs. conditions that stimulated AMPK. After immunoprecipitation to isolate HK, detection of
32P-incorporation using a phosphorimager showed much stronger radiolabeling of HK after

AMPK stimulation. (d) HK substrate affinity for ATP changed significantly (* – P <0.05) in

muscle from torpid squirrels but AMPK treatment reversed this effect. Data compiled from

Abnous and Storey (2008)
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suppressed in most tissues during torpor, and mitogen-activated protein kinases

(MAPKs) show organ-specific responses with activation of the p38 MAPK signal-

ing cascade prominent in skeletal muscle during torpor (MacDonald and Storey

1998, 2005; Eddy and Storey 2003, 2007; Abnous et al. 2008). Studies with Akt

also show multiple levels of control. Not only was the amount of active phosphory-

lated Akt (Ser 473) reduced by 40% in S. richardsonii muscle during deep torpor

but substrate affinities for peptide and ATP differed significantly between euther-

mic and torpid states and also between assay at high and low temperature (Abnous

et al. 2008).

The importance of energy conservation during hibernation suggests that signal-

ing cascades that respond to energy charge could also have important roles to play.

The AMPK system is one such kinase cascade and is described below.

13.3.1 The AMP-Activated Protein Kinase (AMPK) System

AMPK is a stress kinase that acts as a sensor of cellular energy status in eukaryotes

and plays a critical role in systemic energy balance (Hardie et al. 1998; Kahn et al.

2005; Hardie 2007). AMPK is a heterotrimer consisting of a catalytic a subunit and

two regulatory subunits, b and g. Multiple isoforms exist (a1, a2, b1, b2, g1, g2, g3)
giving 12 possible combinations of holoenzyme with different tissue distribution

and subcellular localization. AMPK can be activated by changes in the intracellular

AMP:ATP ratio, as occurs for example as a result of anoxia or other stresses

(Hardie et al. 1998), or via an increase in intracellular Ca2+ (Kahn et al. 2005;

Witters et al. 2006). AMP binds to the cystathionine b-synthase domains of the

g-subunits. The b-subunit, which contains a conserved glycogen binding domain,

forms an interface between the a- and g-subunits. AMPK is controlled by upstream

kinases; for example, LKB1 (the Peutz-Jeghers protein) and calcium/calmodulin-

dependent protein kinase kinase-b (CaMKKb) activate AMPK by phosphorylating

Thr172 in the activation loop of the catalytic a-subunits (Kahn et al. 2005; Witters

et al. 2006). AMP is not only an allosteric stimulator of AMPK, but also activates

AMPK by protecting Thr172 against dephosphorylation by protein phosphatases

(Sanders et al. 2007). Since LKB1 is constitutively active, a rise in AMP will lead to

AMPK activation by increasing the level of Thr172 phosphorylation.

AMPK activation leads to suppression of ATP-consuming processes and stimu-

lates ATP production (Hardie et al. 1998; Hardie 2004, 2007). A summary of

targets comprising metabolic enzymes, transcription factors, translation factors,

and signaling proteins for which there is now good evidence for control by

AMPK is given in Hue and Rider (2007) and Rider (2008). AMPK inhibits fatty

acid synthesis by phosphorylating and inactivating acetyl-CoA carboxylase (ACC).

As a consequence, malonyl-CoA concentrations fall and this not only inhibits fatty

acid synthesis, but also stimulates fatty acid oxidation to help restore ATP levels.

AMPK activation also inhibits glycogen synthesis, cholesterol/isoprenoid biosyn-

thesis, lipolysis, and expression of gluconeogenic and lipogenic enzymes via the
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phosphorylation of glycogen synthase (GS), hydroxymethylglutaryl CoA reductase

(HMGR), hormone-sensitive lipase (HSL), and transcription factors such as the

CREB-regulated transcription coactivator 2 (TORC2).

Protein synthesis is a prominent consumer of ATP in cells (Wieser and

Krumschnabel 2001) and is rigorously controlled at both the initiation and elonga-

tion steps (Proud 2007). Activation of the mammalian target of rapamycin complex

1 (mTORC1) leads to phosphorylation of the 40 S ribosomal protein S6 (rpS6), via

phosphorylation and activation of p70 ribosomal protein S6 kinase (p70S6K), and

this seems to be required for cell growth. mTORC1 activation also enhances

translation initiation of capped mRNAs by phosphorylation of eukaryotic initiation

factor-4E-binding protein-1 (4E-BP1). AMPK activation inhibits mTORC1 signal-

ing (Proud 2007) at several levels by phosphorylating tuberous sclerosis complex-

2 (Inoki et al. 2003), mTOR kinase (Cheng et al. 2004), and the mTOR binding

partner raptor (Gwinn et al. 2008). Translation elongation consumes at least four

equivalents of ATP for each peptide bond synthesized and is inhibited via the

phosphorylation of eukaryotic elongation factor-2 (eEF2) at Thr56 by a dedicated

Ca2+/calmodulin-dependent kinase called eEF2 kinase (eEF2K) (Proud 2007).

AMPK activation inhibits protein synthesis as a result of Thr56 eEF2 phosphoryla-

tion via the phosphorylation-induced activation of eEF2K (Horman et al. 2002,

2003; Proud 2007).

13.3.2 AMPK in Hypometabolic States

It is now becoming clear that AMPK plays a role in maintaining energy homeo-

stasis in a number of hypometabolic states (Rider 2008). AMPK has been impli-

cated in metabolic rate suppression during freezing in wood frogs (Rider et al.

2006), and in response to anoxia in frogs (Bartrons et al. 2004; Rider et al. 2006),

freshwater turtles (Rider et al. 2009), carp (Stenslokken et al. 2008), and goldfish

(Jibb and Richards 2008). In wood frogs, AMPK was activated in liver and

skeletal muscle of frozen animals (Rider et al. 2006) and in liver, AMPK activa-

tion during freezing was associated with a rise in eEF2 Thr56 phosphorylation,

which could inhibit protein synthesis. AMPK activation and eEF2 phosphorylation

were also observed in Rana perezi liver in response to hypothermia and hypoxia

(Bartrons et al. 2004). AMPK activation in liver during freezing could facilitate

glycogen mobilization for glucose release by inhibiting glycogen synthase, whereas

in skeletal muscle (and likely other organs as well), AMPK activation could

stimulate glucose uptake for cryoprotection. In the red-eared slider turtle, Tra-
chemys scripta elegans, subjected to 20 h of anoxic submergence at 4�C, AMPK

was activated 2-fold in white skeletal muscle but decreased by 40% in heart and was

unchanged in red skeletal muscle and liver. Moreover, AMPK activation in white

muscle was associated with an increase in eEF2 Thr56 phosphorylation (Rider

et al. 2009).
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13.3.3 AMPK in Mammalian Hibernation

AMPK involvement in hibernation was assessed in 13-lined ground squirrels

(Spermophilus tridecemlineatus). The enzyme was activated in white adipose

tissue (WAT) during deep torpor but not in liver, skeletal muscle, brown adipose

tissue (BAT), or brain (Horman et al. 2005). The increase in AMPK activity in

WAT could result from a rise in AMP due to an increase in triacylglycerol/fatty

acid substrate cycling that occurs during fat mobilization (Fig. 13.3). Indeed, it

was recently shown that the fatty acyl-CoA synthase inhibitor, Triacsin C, blunted

both AMPK activation and the rise in AMP:ATP ratio when adipocytes were

treated to stimulate lipolysis (Gauthier et al. 2008). An increase in eEF2 Thr56

phosphorylation was seen in WAT, liver, and brain where it could be responsible

for inhibiting protein synthesis during hibernation. Surprisingly, ACC phosphory-

lation at the inactivating Ser79 site increased dramatically in BAT from ground

squirrels in deep torpor although AMPK activation was not seen, and no change

in ACC phosphorylation occurred in any other tissues. Also, no change in phos-

phorylation state of glycogen synthase at the inactivating Ser7 AMPK site was

observed in tissues from torpid animals as compared with euthermic controls.

Glucose Glycerol

Triacylglycerol HSL

AMPK

MGPAT,
PPH &
DGAT

CoASHPFK-1

Fatty acid

ATPAMP
+

PPiGPAT +
CoASH

FAS

sn-Gro-3-P
Fatty acyl-S-CoA

Fig. 13.3 AMPK activation via the triacylglycerol/fatty acid cycle in white adipose tissue. During

triglyceride hydrolysis in incubated WAT or adipocytes, the concentration of fatty acids found in

the medium is less than 3 equivalents expected from the amount of glycerol produced; this

indicated that a substantial proportion of fatty acids released during lipolysis is recycled to

triacylglycerol. Resynthesis involves fatty acid activation via esterification to CoA, catalyzed by

long chain fatty acyl-CoA synthetase FAS isoenzymes, a process that produces AMP. The

dominant AMPK a1 isoform in WAT is activated by b-agonists (Daval et al. 2005) and then

phosphorylates and inactivates hormone-sensitive lipase HSL. In adipocytes treated to stimulate

lipolysis, the FAS inhibitor Triacsin C blunted AMPK activation (Gauthier et al. 2008). Other

abbreviations are: PFK-1 6-phosphofructo-1-kinase; MGPAT monoacylglycerol-3-phosphate

o-acyltransferase; PPH phosphatidate phosphohydrolase; DGAT diacylglycerol o-acyltransferase;
GPAT sn-glycerol-3-phosphate o-acyltransferase
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Lastly, phosphorylation levels of the anti-lipolytic Ser565 AMPK site of hormone-

sensitive lipase were unchanged in adipose tissues during the torpor phase.

Overall, the above data seem to indicate that AMPK has little role in global

metabolic rate depression during hibernation. One reason for this might be that

although total adenine nucleotide levels drop when animals are in deep torpor, there

is no change in tissue “energy charge,” i.e., the relative proportion of AMP in the

total adenyline nucleotide pool does not change (MacDonald and Storey 1999).

However, it cannot be excluded that AMPK would be activated by other means

during entry into torpor or on arousal when high rates of fatty acid oxidation are

needed for thermogenesis. Interestingly, AMPK was activated in WAT of trans-

genic mice overexpressing the mitochondrial uncoupling protein UCP1 (Matejkova

et al. 2004). Also, chronic cold exposure in mice activated AMPK in both WAT and

BAT (Mulligan et al. 2007) and in isolated white adipocytes, a1-AMPK (the main

catalytic subunit isoform in these cells), was activated in response to b-agonist
stimulation (Daval et al. 2005). It was recently suggested that AMP might play a

role in torpor, since AMP levels were elevated in plasma of fasted mice and

peripheral administration of the nucleotide induced a hypothermic state (Zhang

et al. 2006). Therefore, an intriguing possibility would be that elevated levels of

AMP during fasting would activate AMPK, ultimately resulting in a fall in body

temperature. However, administration of AMP was found not to induce a state of

true torpor in mice (Swoap et al. 2007). It would be interesting to investigate

whether the shallow bouts of torpor induced by food deprivation in mice (Swoap

2008) would be affected in AMPK a1 or a2 knockout mice. Lastly, recent studies

have implicated hypothalamic AMPK in the regulation of food intake and body

weight and suggest that AMPK is a mediator of adipocyte-derived and gut-derived

hormone effects on fatty acid oxidation and glucose uptake in peripheral tissues

(Xue and Kahn 2006). Recall that roles for both leptin and ghrelin are implicated in

torpor regulation, as discussed in Sect. 13.1. Hence, modulation of AMPK activity

in the hypothalamus could play a prominent role in the suppression of food intake

during the hibernating season and in regulating the prehibernation fattening that

must occur before seasonal torpor bouts can begin.

13.4 Transcriptional Silencing and Epigenetic Mechanisms

One significant part of overall metabolic rate depression in hibernating species

is global transcriptional silencing. Whereas selected genes are specifically up-

regulated during entry into torpor or throughout the torpor period, gene transcription

as a whole is strongly suppressed. Previous data gathered from nuclear run-on assays

in ground squirrels or from rates of 3H-uridine incorporation into RNA in hamsters

and squirrels indicated that the overall rate of transcription was strongly reduced in

organs of torpid animals (Bocharova et al. 1992; van Breukelen and Martin 2002;

Osborne et al. 2004). Recent studies have documented a number of mechanisms that

can contribute to this global gene silencing. Epigenetic control over DNA and
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chromatin is one of these and plays a key role in a host of processes including

development, disease states (especially tumorigenesis), aging, and senescence as well

as a significant role in inheritance (reviewed by Fraga and Esteller 2007).

The best known epigenetic mechanisms are DNA methylation and a variety of

posttranscriptional modifications of histones that alter chromatin structure to regu-

late access of the transcriptional machinery to DNA. Hypermethylation of CpG

islands in the promoter region of genes typically hinders their transcription by

blocking transcription factor binding (Tate and Bird 1993). Methylation of CpG

islands can also recruit histone modifying enzymes including histone deacetylases

(HDACs) and histone methyltransferases (HMTs) that alter the local chromatin

environment and further enhance or hinder transcription (Sarraf and Stancheva

2004). Indeed, hypermethylation of the promoter regions of key tumor suppressor

genes is frequently linked with uncontrolled tumor growth and, for this reason, one

of the hot new areas of cancer treatment is the use of DNA-demethylating agents to

trigger the renewed expression of tumor suppressor genes (Mack 2006). The role of

this mechanism in regulating deep torpor in hibernating species is not yet known

but a recent study did show that DNA methylation patterns are responsible for the

organ-specific expression of the HP-27 gene in chipmunks (Fujii et al. 2006). HP-27

codes for a plasma protein that is produced in the liver of euthermic animals but is

conspicuously absent during torpor. CpG islands in the HP-27 promoter were

hypomethylated in liver of euthermic squirrels but hypermethylated in other organs

so that the gene was expressed only in liver. However, methylation status did not

change between euthermic and hibernating states in either liver or kidney. None-

theless, this methylation mechanism should be investigated more widely for it has

great potential as a means for differential gene expression (up- or down-regulation)

over cycles of torpor and arousal.

A recent study of histone modification confirms that this epigenetic mechanism

clearly contributes to global gene silencing during torpor bouts in hibernating

ground squirrels. Histones are subject to a variety of modifications including

methylation, acetylation, phosphorylation, ubiquitylation, SUMOylation, citrulli-

nation, and ADP-ribosylation (Bhaumik et al. 2007). Methylation of lysine residues

on histones leads to a closed chromatin structure whereas both acetylation and

phosphorylation open up the DNA-protein structure to give transcription factors

and the transcriptional machinery access to gene promoters. When skeletal muscle

from ground squirrels (S. tridecemlineatus) was analyzed, the content of acetylated
histone H3 (Lysine 23) was 25% lower in muscle from torpid animals compared

with euthermic controls (Table 13.2) (Morin and Storey 2006). Animals in deep

torpor also showed a 40% decrease in the content of phosphorylated histone H3

(Serine 10). Both of these changes are consistent with transcriptional suppression.

Furthermore, the mechanism of change in histone acetylation was linked to an 82%

increase in histone deacetylase (HDAC) activity in skeletal muscle from torpid

squirrels and immunoblotting also showed higher HDAC1 and HDAC4 protein

levels (Table 13.2).

Another parameter of transcriptional capacity was also suppressed during torpor

in ground squirrels: RNA polymerase II (Pol II) activity (Table 13.2) (Morin and
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Storey 2006). The maximum activity of Pol II in muscle from animals in deep

torpor decreased to just 58% of the activity in euthermic muscle (measured at the

same temperature) although total Pol II protein levels remained constant (assessed

by immunoblotting). The content of phosphorylated (Ser 5) Pol II rose by 79% in

muscle during torpor. Although the effect that phosphorylation at this site has on

transcriptonal activity is still debatable (Kim et al. 1997), these data do show that

Pol II is subject to differential phosphorylation between euthermic and torpid states

as are many other enzymes and functional proteins in hibernating species (Storey

and Storey 2004, 2007).

Lee et al. (2007) demonstrated the importance of yet another posttranscriptional

modification to gene control in hibernation. This is SUMOylation. The amount of

SUMO (small ubiquitin-related modifier) conjugated protein rose dramatically in

brain, liver, and kidney of ground squirrels in deep torpor with a concomitant loss of

free SUMO. Levels fell quickly again when torpor ended. In addition, expression

levels of Ubc9, the E2-conjugating enzyme in the SUMO pathway, were closely

correlated with SUMO conjugate levels in both brain and kidney. Transcription

factors are primary targets of SUMOylation and this reversible posttranslational

modification mainly has negative effects on gene expression (Girdwood et al.

2004). Significantly, microscopy and staining showed that SUMO conjugates

were preferentially concentrated in the nuclei of neuronal cells during torpor

whereas in active animals SUMO staining was dispersed throughout the cell (Lee

et al. 2007). Hence, high levels of SUMO conjugates, as well as their nuclear

localization, argue strongly for global suppression of transcription factor action

during torpor thereby suppressing transcription of the genes under their control.

As described later in this article, a number of transcription factors are specifically

Table 13.2 Effect of entry into the torpid state on indices of transcriptional

control in skeletal muscle of hibernating 13-lined ground squirrels

Ratio torpor: euthermic

Histone 3

Total H3 protein 0.99 � 0.16

Phospho-H3 (Ser 10) protein 0.61 � 0.09*

Acetyl-H3 (Lys 23) protein 0.75 � 0.04*

Histone deacetylase

Activity 1.82 � 0.20*

HDAC1 protein 1.21 � 0.05*

HDAC4 protein 1.48 � 0.09*

RNA polymerase II

Activity 0.57 � 0.04*

Total Pol II protein 1.05 � 0.19

Phospho-Pol II (Ser 5) protein 1.79 � 0.21*

Proteins were detected by immunoblotting with antibodies that detected total

protein or the phosphorylation or acetylation of specific residues. For RNA

polymerase II, the antibody detected phospho-Ser 5 in the heptapeptide repeats

YSPTSPS of the C-terminal domain. Significance testing used the Student’s

t-test to compare torpor and euthermic values (* – significantly different,

P <0.05) and then ratios, torpor:euthermic, were calculated. Data are means

� SEM, n ¼ 3–4 separate animals. Modified from Morin and Storey (2006)
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activated during torpor bouts and trigger the expression of selected genes; one

would predict that these particular transcription factors would not be SUMOylated

but no study has yet explored this idea.

13.5 Regulation of mRNA Transcripts: The New Frontier

of microRNA

Control of gene expression is most often discussed in terms of the regulation of

transcription and translation. Both gene level (dealt with in other parts of this

review) and ribosome level controls are well known in hibernating mammals

(reviewed by Storey and Storey 2004, 2007). With respect to the latter, a variety

of studies have confirmed the inhibition of translation initiation and elongation

factors via reversible phosphorylation during deep torpor well as a general dissoci-

ation of polysomes (Frerichs et al. 1998; Knight et al. 2000; Hittel and Storey

2002b; van Breukelen et al. 2004; Horman et al. 2005). However, between tran-

scription and translation there are multiple opportunities for additional regulation

by mechanisms that control mRNA processing, splicing, longevity, and availability

to the ribosomes. Several studies have shown that total mRNA transcript levels

do not change significantly over the torpor/arousal cycle (Williams et al. 2005;

Crawford et al. 2007). This argues that there must be ways to stabilize/preserve

transcripts in an inhibited form over torpor bouts that can range from days to weeks

and yet still have these transcripts immediately available again for translation when

the animal arouses. One way to do this is to store transcripts in physical association

with monosomes or with ribonucleoprotein particles. Analysis of the distribution of

mRNA transcripts in tissues from euthermic vs. torpid ground squirrels indicated

that a high percentage of mRNA species are sequestered with monosomes in a

translationally silent fraction during torpor (Frerichs et al. 1998; Knight et al. 2000;

Hittel and Storey 2002a). Only transcripts that are preferentially translated while

animals are in torpor, such as fabp (fatty acid binding protein), remain associated

with polysomes (Hittel and Storey 2002b).

Another possibility for mRNA regulation is one of the “hot new topics” in

molecular biology – microRNA (miRNA). miRNAs are small noncoding tran-

scripts (19–25 nucleotides in length) that bind to target mRNAs; a perfect match

between a miRNA species and its target typically directs the mRNA into degrada-

tion pathways, whereas an imperfect match leads to translational inhibition via

storage in P-bodies (Bartel 2004; Gammell 2007). Many studies have now shown

that specific temporal and spatial microRNA expression is required for normal

cellular development and differentiation whereas many human diseases are asso-

ciated with aberrant microRNA expression patterns; indeed, a new database sum-

marizes the relationships between 299 human microRNAs and 94 human diseases

(Gammell 2007; Flynt and Lai 2008; Jiang et al. 2008).

In recent work, reverse transcription PCR was used to quantify expression levels

of selected miRNAs in four organs of 13-lined squirrels, comparing euthermic and
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deep torpor states. Torpor-specific differences in the levels of some miRNAs were

seen; for example, in kidney, two miRNA species, mir-1 and mir-21, increased

significantly by 2.0- and 1.3-fold, respectively, when animals were in torpor as

compared with euthermic controls (Morin et al. 2008a). In mammals, mir-1 sup-

presses expression of a variety of mRNAs (Lim et al. 2005); in muscle, for example,

mir-1 targets mRNAs that are involved in muscle cell proliferation and the expres-

sion of HDAC4, a histone deacetylase that leads to gene repression in muscle (Chen

et al. 2006). By contrast, mir-21 is linked to anti-apoptotic properties (Chan et al.

2005). Both heart and skeletal muscle of ground squirrels showed significant

reductions of 30–50% in mir-24 levels during deep torpor. This miRNA is linked

to cell growth processes (Cheng et al. 2005) so it is possible that adjustments of

miRNA levels, both of mir-24 and other species, could be an integral part of growth

and proliferation repression during torpor. Immunoblot analysis also showed strong

changes in Dicer protein levels in ground squirrels organs between euthermic and

torpid states (Morin et al. 2008a). Dicer is the enzyme that controls the final step in

miRNA processing, acting in the cytoplasm to cleave the larger miRNAs that are

exported from the nucleus into mature miRNA molecules (Ding et al. 2009).

Although much remains to be explored, there is clearly much potential for transla-

tional control via organ-specific and transcript-specific differential regulation of

mRNAs under the control of miRNAs during seasonal hibernation.

13.6 Transcription Factors and Hibernation-Responsive

Gene Expression

Although global suppression of transcription and translation is an integral part of

transitions to/from deep torpor during seasonal hibernation, a variety of studies

have shown that selected genes are up-regulated in torpid animals as evidenced by

increased levels of specific mRNA transcripts or protein products (reviewed in

Storey and Storey 2004). Some of these genes have been found by targeted analysis

of specific gene/protein systems but many other candidate genes/proteins have been

discovered by gene screening (e.g., cDNA library screening, DNA array screening)

or proteomics approaches (e.g., 2D gel electrophoresis to visualize differential

protein expression coupled with mass spectrometry for peptide mapping) (Gorham

et al. 1998; Andrews et al. 1998; Fahlman et al. 2000; Hittel and Storey 2002a, b;

Storey 2004; Epperson et al. 2004; Eddy et al. 2005; Williams et al. 2005; Brauch

et al. 2005; Eddy and Storey 2008; Chen et al. 2008; Martin et al. 2008; Lee et al.

2008). Since gene expression is under the control of transcription factors (Tfs) that

each regulate a group of genes that are dedicated to a particular cell function,

another strategy for gene hunting is to identify the Tfs that are activated and then

focus on the genes/proteins that are downstream of these. To be active, Tfs must be

in the nucleus and in the correct conformation to bind to the specific response

element for that Tf in the promoter region of genes. The active conformation is

often produced either by phosphorylation of the Tf or by binding to a co-activator or
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specific ligand. Therefore, another way to search for genes that are critical to

hibernation success expression is to look at which Tfs are active in the deep torpor

phase (and/or at different stages over the torpor-arousal cycle) and use these as

signposts to guide a targeted examination of the genes under their control. This

approach is facilitated by the recent development of effective commercial methods

for high throughput assessment of the levels of active Tfs. All of these methods

begin with the preparation of nuclear extracts from tissues and then binding Tfs

to the consensus binding site oligonucleotide for the Tfs of interest but are followed

by different mechanisms for the separation of unbound material (Tfs or oligonu-

cleotides) or detecting/quantifying binding among the methods from Active Motif

Inc. (Carlsbad, CA) (http://www.activemotif.com/), Marligen Biosciences Inc.

(Ijamsville, MD) (http://www.marligen.com/), or Panomics Inc. (Fremont, CA)

(http://www.panomics.com/). All have proven effective in analyzing Tf involve-

ment in animal freeze tolerance (Storey 2008) and hibernation (unpublished results

from the Storey lab).

From studies using this approach or others, a variety of Tfs are now known to be

important in regulating different aspects of hibernation-responsive gene expression.

Prominent among these are the hypoxia inducible factor 1 (HIF-1) (Morin and

Storey 2005), activating transcription factor 4 (ATF4) (Mamady and Storey 2008),

peroxisome proliferator-activated receptor gamma isoform (PPARg) and its co-

activator PGC-1a (Eddy et al. 2005), and the NF-E2-related factor-2 (Nrf2) (Morin

et al. 2008b). HIF-1 regulates a variety of genes that help organisms to deal with

low oxygen stress by improving oxygen delivery (e.g., by stimulating capillary

growth or red blood cell proliferation) or enhancing the capacity for oxygen-

independent metabolism (e.g., by increasing the expression of glucose transporters

and glycolytic enzymes) (Semenza 2003). The specific targets that are up-regulated

by HIF-1 during torpor/arousal cycles in hibernators are not yet known but it is

notable that HIF-1a protein levels (the subunit that is oxygen sensitive) and HIF-1

DNA-binding capacity were prominently elevated in the two thermogenic organs,

brown adipose and skeletal muscle. This may suggest a link with maintaining

oxygen-sensing and the capacity for oxygen delivery to these organs in the hypo-

metabolic state to support the huge increase in oxygen consumption that is needed

to fuel thermogenesis during arousal. ATF4 is involved with the unfolded protein

response (UPR) which is a multifaceted response to cell stresses/conditions that

elevate the load of unfolded proteins in the endoplasmic reticulum (ER). The UPR

is a 3-pronged response to correct this and includes global protein synthesis inhibi-

tion to reduce the incoming load of unfolded proteins (via phosphorylation-induced

inactivation of eukaryotic initiation factor 2a), selected synthesis of more ER

chaperones to increase folding capacity and, if needed, enhanced degradation of

unfolded proteins (Schroder and Kaufman 2005). At least the first two components

of the UPR are evident during deep torpor in ground squirrels – translation inhibi-

tion and increased levels of ER chaperones, the glucose-regulated proteins (GRPs)

(Mamady and Storey 2006, 2008). Indeed, elevated levels of ATF4 and the active

form of its co-factor, CREB-1, correlated with strong increases in both the tran-

script and protein levels of the most important ER chaperone, GRP78, in both brain

13 Mammalian Hibernation: Physiology, Cell Signaling, and Gene Controls 243

http://www.activemotif.com/
http://www.marligen.com/
http://www.panomics.com/


800a

b

400

500

600

700
Euthermic
Hibernator brown adipose
Hibernator Muscle

* *

*
Bat

R
el

at
iv

e 
le

ve
ls

100

200

300

* * *

* *
*

*

a-fab
0

Ground squirrel Heart

10
12
14
16

*

3

4

5

HIB-L

HIB-L

*
*

* *

*

*

Nrf2

R
at

io
 H

ib
er

n
at

io
n

 :
 E

u
th

er
m

ic

0

1

2

mRNA mRNA

* *
* *

protein protein

Prx-2Nrf2 MafG Prx-2 Prx-3 HO-1Prx-1AFAR SOD

ENT

h-fabp
mRNA transcripts

A-FABP H-FABP PPARg PGC-1

protein protein protein

Fig. 13.4 Transcription factor responses in hibernating mammals and control of downstream gene

expression. (a) Levels of PPARg and its co-activator, PGC-1, are 2–3 fold higher in skeletal

muscle and brown adipose tissue of torpid, vs. euthermic, bats (Myotis lucifugus). PPARg controls
the expression of fatty acid binding proteins and organ-specific up-regulation of the adipose A or

heart H isoforms is confirmed by increased fabp mRNA transcript and FABP protein levels.

(b) Nrf2 triggers the expression of various antioxidant genes. Both nrf2 mRNA and Nrf2 protein

levels increased during hibernation in heart of hibernating ground squirrels (Spermophilus tride-
cemlineatus), along with the Nrf2 binding partner, MafG. Protein levels of genes under Nrf2

control were elevated during entrance into torpor (ENT) or in long-term torpor (L-HIB; 3–5 days
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and brown adipose of 13-lined ground squirrels during torpor. Elevated GRP78 may

be an important mechanism that supports selective synthesis and/or correct refold-

ing of protein to go ahead during cold torpor.

Reprioritization of fuel use is a requirement for successful hibernation with

animals switching to a primary dependence on lipid fuels. PPARg is a Tf that

regulates a variety of genes that participate in fatty acid oxidation and therefore has

a role in optimizing capacities for fatty acid transport/delivery and optimizing lipid-

based energy metabolism in hibernator organs. PPARg activation when animals

enter torpor has been clearly linked with the expression of both the adipose (A) and

heart (H) isoforms of fatty acid binding proteins (FABPs), the intracellular carrier

proteins that move fatty acids through the cytosol, in a hibernating bat species

(Eddy and Storey 2003, 2004). Figure 13.4a shows that 2–3 fold increases in the

levels of PPARg and its co-activator PGC-1a were correlated with �4-fold

increases in the mRNA and protein levels of A-FABP in brown adipose tissue

and with a 7-fold increase in H-FABP content in heart. Finally, Nrf2 is a major Tf

involved in antioxidant defense, a function that is important for hibernators for two

reasons: (a) to ensure long-term protection from reactive oxygen species throughout

an extended torpor bout, and (b) to address high rates of ROS generation associated

with the massive increase in oxygen consumption and thermogenesis that supports

arousal. An analysis of Nrf2 expression in ground squirrel heart found a 1.5-fold

increase in nrf2 mRNA transcripts in torpid animals and a similar rise in Nrf2

protein along with hibernation-responsive increases in the levels of multiple down-

stream antioxidant proteins including Cu/Zn superoxide dismutase, heme oxyge-

nase, aflatoxin aldehyde reductase, and peroxiredoxins (Fig. 13.4b) (Morin and

Storey 2007; Morin et al. 2008b). Based on the magnitude of the responses, it seems

possible that peroxiredoxins are primary target genes for Nrf2 action during torpor;

these are also well known to be stress-responsive in other systems (Ishii and

Yanagawa 2007) and Prx1 was also up-regulated during torpor in bat heart (Eddy

et al. 2005). Peroxiredoxins are intracellular antioxidant enzymes that reduce and

detoxify a range of hydroperoxides with the use of thioredoxin as the electron

donor. They are major protein components of mammalian cells typically constitut-

ing 0.1–0.8% of total soluble protein (Chae et al. 1999). Strong expression of

peroxiredoxins during torpor may be a preparatory move that ensures that a high

intracellular antioxidant potential is present to deal high rates of reactive oxygen

species generation associated with the arousal process. Similarly, ascorbate, a

major extracellular antioxidant rises by 3–5 fold in plasma during hibernation

but is rapidly depleted when oxygen consumption rises sharply during arousal

(Drew et al. 2002).

Fig. 13.4 (continued) a stable Tb of�5–7�C) including aflatoxin aldehyde reductase AFAR, Cu/Zn
superoxide dismutase SOD, peroxiredoxin Prx isoforms 1-3, and heme oxygenase 1 HO-1. Prx2
mRNA levels were also measured and found up-regulated. Data are means � SEM, n ¼ 3–7; * –

significantly higher than corresponding euthermic values, P <0.05. Compiled from Eddy and

Storey (2003, 2004); Morin and Storey (2007) and Morin et al. (2008b)

<
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13.7 Concluding Remarks

Hibernator species may look like uncomplicated “Sleeping Beauties,” blissfully

sleeping through the cold winter months. But we now know that hibernation is a

multifaceted process involving not only metabolic rate depression but also a range

of readjustments to cellular metabolism including altered patterns of fuel use and

up-grading cell preservation mechanisms to sustain viability during cold torpor.

Much progress has been made in recent years in understanding the events and the

regulatory mechanisms operating to control cycles of torpor and arousal but there is

still a huge amount to be learned. The endocrine trigger or triggers that set off

metabolic suppression are still elusive as is the signal for arousal. The intracellular

signal transduction cascades that bring about the massive suppression of oxygen

consumption and inhibition of thermogenesis are similarly elusive. Well-known

metabolic suppression responses to stresses such as starvation, hypoxia/ischemia,

hypothermia, etc. that can be components of the torpid state are undoubtedly

involved but their magnitude is not sufficient – there must be additional signals

or a master coordinating switch. The timing mechanisms that determine both torpor

bout duration and overall length of the hibernating season are also still unknown

and particularly mysterious for species that spend the winter in completely dark

burrows with no chance of receiving a photoperiod cue. Apart from understanding

the regulation of hibernation itself, studies of hibernating mammals will help us

better understand the evolution of endothermy and will hopefully lead to therapies

that can be used to induce torpor in humans as a medical intervention strategy.
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Chapter 14

Lessons from Natural Cold-Induced

Dormancy to Organ Preservation in

Medicine and Biotechnology: From

the “Backwoods to the Bedside”

Barry Fuller, Edgardo Guibert, and Joaquı́n Rodrı́guez

Abstract Hypothermia is a powerful modulator of all life processes, and this has

been harnessed over the past 50 years in clinical sciences where tissues or organs

for transplantation need to be stored outside the body for periods of time. However

for human organs (as an obligate homoeothermic), cooling alone cannot provide

sufficient time for the clinical logistics of transplantation, and a series of interven-

tions to further control metabolism have been developed empirically. In retrospect,

it can be seen that these approaches mimic to some degree the ways in which cold

tolerance in the natural world has developed in evolutionary terms. This chapter

reviews the history and the current state of the art of applied hypothermic preserva-

tion, and compares and contrasts what is known about natural cold tolerance,

highlighting areas for further research and development to meet the challenges

for organ and tissue preservation in the next few years.

14.1 Introduction

One of the most significant advances in medicine in the latter half of the twentieth

century has been the development of organ and tissue transplantation, to enhance

quality of life or, in many cases, reverse otherwise fatal derangements in body

function (Starzl et al. 2000). This has a truly multi-disciplinary triumph, requiring

major advances in surgery, immunology, virology and microbiology to name only a

few of the essential disciplines, but underpinning the whole enterprise has been the

necessity to access and preserve the required donor organs. However, one problem
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which became clear from the very beginning was that of organ injury by hypoxia,

because by definition, transplantation requires removing an organ from a donor

patient, and physically moving it to the recipient patient and performing complex

surgery to re-connect the blood supply (Calne et al. 1963). At a minimum, this can

take 1–2 h, but if the donor and recipient patients are on different hospital sites,

perhaps in different cities, hypoxic time can extend beyond 8 h. Successful cold

preservation was therefore quickly identified as a key factor in being able to facilitate

organ or tissue sharing between different locations within one country, or even

between different countries (Calne et al. 1963), in order to best match the most

needy patient to the available organ, or the best immune-matched donor/recipient

pairing. As was stated by Calne and colleagues in 1963 in relation to their early work

on kidney transplantation, “Ischaemic renal damage is extremely important to those

interested in cadaveric kidney transplantation and has probably been responsible for

more failures than immunological reactions.” The whole of what eventually became a

major clinical focus for use of hypothermia to preserve biological function was driven

by these considerations, and this is what will be discussed in this chapter. Without the

development of modern cold preservation protocols, organ transplantation would

have remained an esoteric and infrequent operation of minor clinical significance,

and the study of low temperature biology would have remained the domain of

environmental scientists. In a logistical sense for transplantation, “preservation”

equals “time”, time to organise staff and facilities, transport organs, and perform

essential laboratory testing when required. The ability to slow biological deterioration

in organs removed from their normal physiological environment has moved trans-

plantation into the realms of the routine treatment of choice for many chronic life-

threatening diseases. For example, in the UK currently, about 3,500 organ transplants

of various types are performed each year (NHS Blood and Transplant 2010). In most

of these, there is an essential step when the organ is removed from the donor patient

and before it can be transplanted, when the organ must be protected from hypoxic

injury. Even if the hypoxic period is short (such in live-donor kidney operations), the

organ physiology must be protected from injury and by appropriate preservation

technologies. In addition, the growing shortage of organs for transplantation has

meant that donor organs, which already have sub-optimal function because of

donor age or pre-existing pathologies, have to be considered, and these organs (so-

called marginal donor organs) withstand preservation less successfully. Therefore,

the study of organ preservation, both as a basic and applied science, is deeply

embedded in transplant services. Within this chapter, we will review the challenges

which arise when organs are accessed and stored for transplantation – the problems of

hypoxia (Sect. 2) and of applying cold (Sect. 3) to human organs. Next we discuss the

history of organ preservation from the earliest concepts developed since the middle of

the last century up to today (Sect. 4), and what knowledge became available in

parallel on functional responses to cold tolerance from Nature (Sect. 5). Finally, we

outline the benefits and limitations of the twomain, but differing, approaches to organ

preservation currently in use (controlled hypometabolism at hypothermia – Sect. 6,

and aerobic metabolism in cold perfusion – Sect. 7) and highlight areas where

ongoing research is being focused to improve the outcomes (Sect. 8).
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14.2 Organ Injury from Hypoxia

To be able to ask the question “what is the best low temperature preservation

protocol?”, we first need to understand the various events associated with hypoxic

injury to organs, which are complex and multifactorial. A large number of studies

have been performed over the past two decades to define the cellular metabolic,

molecular and ultrastructural changes (Lemaster and Thurman 1993; Pinsky et al.

1995; Jassem and Heaton 2004; Rauen and de Groot 2004; Kupiec-Weglinski and

Busuttil 2005; Casillas-Ramı́rez et al. 2006) and these are beyond the remit of the

current discussion. Central to the problem is the deprivation of oxygen supply to

sustain normal mitochondrial function, leading to a host of changes in cellular

functioning and homeostasis. In most mammalian systems, these changes become

significant beyond about 30 min, and move towards irreversibility by 2 h. Mitochon-

dria are key but by no means sole players in these cascades, with injured organelles

initiating “death signalling”, and contributing to further injury when the organ is

re-supplied with oxygen during the transplantation procedure. The secondary and

additive injury has been largely linked to production of oxygen free radicals by

aberrant respiration via the injured mitochondria and a generalised inflammatory

oxidative stress, known collectively as ischaemia/reperfusion (I/R) injury (Fuller

et al. 1988; Jassem et al. 2002; Jassem and Heaton 2004). No one single pharmaco-

logical strategy can possibly control the ischaemic cascade, and thus intuitively, a

global regulator of metabolism was sought. This central issue in organ preservation

is the loss of homeostatic control of vital cellular processes, which impacts to

varying degrees and with different times of onset whichever molecular processes

are being studied. It is a complex and cumulative “pathological syndrome”, which

has been the focus of many previous studies (Fuller 1999; Piper et al. 2003; Teoh and

Farrell 2003), and in many (but not all) ways resembles the development of irrevers-

ible injury in hypoxia. The control of ion distribution, pH, membrane charge, solute

content and associated osmotic potential within cells all depend on a high level of

basal metabolic activity, particularly for fuelling energy-requiring membrane

pumps such as the Na+/K+ ATPase. Such significant energy requirements in mam-

malian systems can only be met by oxidative energy production via coupled mito-

chondrial electron transfer, and thus it is unsurprising that transplantation (requiring

removal, cooling and manipulation of organs) has such a propensity to induce

hypoxic damage. Energy levels (as reflected by ATP content) fall dramatically

within minutes of the onset of hypoxia. Even though most cells possess various

“emergency” pathways for energy generation, such as anaerobic glycolysis or other

substrate inter-conversions (Churchill et al. 1994), these can only provide a small

fraction of the required energy supply and can only function for limited periods.

As pointed out above, the problems are compounded because this cascade itself

predisposes the cells to additional damage when oxygen is supplied during organ

reperfusion and is manifested as I/R injury.

In parallel to this, the effects of cooling in slowing biological activity have been

observed by natural scientists for centuries, and therefore it was an intuitive step to
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turn towards hypothermia to delay the deterioration of the hypoxic organ, by a type

of “enforced metabolic depression”. However, in a non-adapted species such as

man, enforced cooling equally presents problems, and these have remained the core

focus of organ preservation research, reviewed in the next section.

14.3 Effects of Cooling and Hypothermic Preservation

on Mammalian Cells

The physiological basis for the effects of cooling on metabolism was established

over the past century by the pioneers such as Arrhenius (1915) and Heilbrunn

(1937). Reaction rates (V ) are given by the Arrhenius relationship, where the

temperature (T ) is given in Degrees Absolute, R is the gas constant, Ea is the

activation energy of the particular process and A is a constant.

V ¼ Aexpð�Ea=RTÞ

Measurements of various metabolic reactions during cooling, when plotted as

Logn V against 1/T, provide a quasi-linear relationship with a slope of –Ea/R. This
can be used to derive the activation energy of the specific reaction (assuming a

single, rate limiting step). Rate depression by cooling can also be quantified as the

Q10 relationship (Heilbrunn 1937), which reflects the fall in reaction rate for every

10�C temperature reduction. For many biochemical reactions, the Q10 between 40

and 20�C is about 2, whilst between 20 and 0�C, the value increases to between 3

and 5 (Fuhrman 1956; Zimmermann et al. 1982). These observations have been

interpreted as the increasing and additive effects of cooling on cellular ultrastruc-

ture which impact on biochemical processes. For example, many important

biological reactions are catalysed by enzymes embedded in the membrane lipid

bilayers, or require substrate exchange across such bilayers. In essence, lipids

generally are known to undergo a phase transition to a gel state on cooling, and

in the complex mixtures of lipid classes in biological membranes, cooling induces a

thermotropic separation of the different lipid classes as the respective melting point

of a particular lipid is passed. This leads to de-mixing and lateral phase separation

into gel and liquid crystalline phases in the plane of the membrane, and also an

exclusion of integral proteins from the gel-phase areas (Feltkamp and van der

Waerden 1982). Such gel formation acts to decrease global membrane fluidity

(Crowe et al. 1989) and may also lead to increased “solute leakiness” through

membranes where such packing faults have occurred. Cooling has been reported to

increase trans-membrane diffusion of many solutes from small ions to larger

molecules, such as disaccharide sugars (Fuller and So 2001). The change in fluidity

affects the kinetics of many membrane-bound enzymes, such as the Na+/K+

ATPase, since it was shown that cooling of the enzyme when bound in the

membrane had a greater inhibitory effect than when the enzyme was cooled as a

free protein in solution (Willis et al. 1978).
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Hypothermia may also impact on the cytoskeleton, where microtubules start

de-polymerize and F-actin from microfilaments to precipitate, during storage of

hepatocytes at 4�C (Stefanovich et al. 1996). In kidney cells, a cold-induced

disruption of microtubules was also observed (Breton and Brown 1998) and was

associated with a redistribution of integral membrane proteins. Mitochondria are

also sensitive to reduced temperatures during organ preservation, and swelling or

vacuolization has been demonstrated by electron microscopy in experiments on

kidney (Fuller et al. 1985) and liver (Ellermann et al. 1992) storage. Collectively,

these processes may be relatively slow in kinetic terms, and take some hours to be

developed, but within practical organ preservation logistics (storage between

12–24 h), they may be significant.

Many of these changes are inescapable whether oxygen is supplied during the

cooling process or not, but the magnitude of events and rapidity of their onset is

much greater if hypoxia is a major contributing factor. The combined effects then

lead to ion and solute redistributions, a linked, osmotically driven water influx, and

activation of various degenerative processes. The destabilisation of homeostasis

when hypoxia is coupled with cooling leads to a predictably complex cascade of

biochemical events, which eventually become irreversible (see Fig. 14.1). Progres-

sive dephosphorylation of ATP results in accumulation of breakdown products such

as purines and nucleoside bases (e.g. inosine, hypoxanthine and xanthine), which

can diffuse from the cell. The internal pH falls towards acid conditions as the switch

to anaerobic glycolysis fuels accumulation of lactate. Failure of energy-linked

transmembrane pumps results in an inward flux of Na+ (enhanced by resident

anions on intracellular proteins) and Cl�, leading to associated water influx and

cell swelling. Phosphate levels increase due to the dephosphorylation events, and

control of other actively transported ions (such as calcium and magnesium) is lost.

The high free calcium levels can cause mitochondrial damage and activate degra-

dative enzymes (such as phospholipases and non-lysozomal proteases) which

destabilise membranes, accelerating the abnormal leakage of solutes. Taken

together with the lowered pH which also favours the activation of lysozomal

digestive enzymes by destabilising lysozomal membranes, an “auto-digestive”

state is enhanced. Depending on the time and conditions experienced during cold

hypoxia, progressive cell death by both necrosis and apoptosis has been observed.

For cell survival, two strategies are of paramount importance: (1) inhibition of

the many and various contra-homeostatic alterations wherever possible, and (2)

rapid reversal of any changes in a coherent manner on rewarming to allow cell

physiological and functional recovery. On balance, the lack of oxygen supply in

the cold flush-stored organ has a greater and earlier impact than cooling per se.

If oxygen is provided, even in non-adapted mammals, mitochondrial electron

transport and ATP production is surprisingly robust after cooling. It has been

known for some time (Pegg 1978) that in kidneys subjected to oxygenated hypo-

thermic perfusion for up to 48 h, both the total content of adenine nucleotides and

relative ratios of ATP to lower phosphorylated-state adenine nucleotides are

unchanged compared with those measured in kidneys at normal body temperatures.

In addition, in organs previously depleted of ATP by cold hypoxic storage, a
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progressive and quite rapid restoration of ATP can be measured when a brief period

of oxygenated perfusion was instituted (Fuller et al. 1990). Of course, energy

balance reflects both production and consumption, and hypothermia imposes selec-

tive inhibition of some metabolic processes such as protein synthesis, which is

almost undetectable below 10�C (Fuller 2003) compared with transmembrane ion

pumping which is reduced but still significant, so comparisons made solely on

energy levels between normo- and hypothermia are not strictly valid.

Strong metabolic rate depression 

Energy levels falls
↓↓↓↓ ATP ‘emergency’ pathways 

for energy generation
↓↓

Up-regulation of selected stress response genes (but 
delayed by hypothermia) 

Protein synthesis is strongly suppressed 

Histone deacetylases

ADP ↓↓↓↓ Glucose

AMP Lactate

Adenosine acid pH
Inosine
Hypoxantine

Lysosomal damage

Enzyme release

Membrane blebbing & 
vesiculation

Failure of energy-linked
transmembrane pumps

Inward flux of Na+ and Cl– X

Loss in control of other
actively-transported ions &
solutes

Collapse of
the net
negative
electrical
cell
membrane
potential

Plasma membrane
injury

Water influx and cell swelling
X

Oxygen free
radicals

Caspase 9-3
High free calcium levels
cause mitochondrial damage
and activate degradative
enzymes 

Activation of phospholipases
And proteases

Cytochrome C

Cell Death
Mitochondrial
membrane
injury

Fig. 14.1 Schematic of a cell showing different process during cold hypoxia: A continuum of

complex processes that involve multiple cellular and molecular pathways come into play during

cold hypoxia. Strong metabolic rate depression is achieved by a coordinated suppression of the

rates of energetically costly cell functions such as transmembrane ion pumping and protein

synthesis. Whereas cooling has a benefit in sharply reducing metabolic rate and hence prolonging

the time that an organ can survive without or with low oxygen supply, metabolism of most

mammals is optimised for function within a very narrow temperature window. When cooled

below this, multiple injuries can arise due to problems such as temperature-dependent changes in

enzyme affinities for substrates and regulators, changes in subunit association of oligomeric

proteins and changes in membrane permeability due to temperature effects on lipid fluidity.

ATP synthesis is greatly reduced and ATP breakdowns accumulate and can diffuse across cell

membrane, forcing the cell to obtain energy from alternative sources, e.g. anaerobic glycolysis,

producing lactate and a diminution in intracellular pH, activating lysosomes. Membrane ion

pumps fail because of a lack of energy and inhibition from cold-induced alterations in local

membrane viscosity, leading to a influx of sodium (and chloride), loss of potassium and magne-

sium, and an increase in calcium, producing a collapse of the electrical potential difference across

the cell membrane because energy-driven membrane ion pumps suffer greater low temperature

impediment than do the opposite passive diffusions of ions through ion channels. Cell and

mitochondrial swelling gradually increase. There is a release of Cytochrome C from mitochondria,

activating cell death via by apoptosis. Beyond the deficit in energy for synthesis, there are changes

in gene regulation and protein translation, with an altered assembly of chromatin, mainly influ-

enced by a higher activity of enzymes involved in chromatin condensation
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Finally, it should be recognised that all of the changes during hypothermia

described above impact on the ability of the cells to recover when rewarming takes

place, where additional injury may be produced within the now well-recognised

syndrome termed ischaemia/reperfusion (I/R) injury. As discussed above, a great

deal of information on the biochemical and molecular changes during organ I/R has

been described which are linked to oxidative stress, cell death signalling via

apoptosis and associated local and systemic liberation of pro-inflammatory agents

such as cytokines, which compound and exacerbate the original hypothermic injury

(Jassem et al. 2002; Fuller et al. 1988; Fuller 1999; Lopez-Neblina et al. 2005;

Daemen et al. 2003). Any strategies aimed at organ preservation have needed to be

developed with this additional I/R insult in mind.

14.4 History of Organ Preservation for Transplantation

In retrospect, the background concepts for organ preservation arose from work on

organ physiology and the identification of factors important to keep organs alive

outside the body. In the early part of the twentieth century, studies of the essential

support provided to organs by the circulatory system produced attempts to perfuse

organs in vitro, such as the kidney and liver by simple syringe methods, and the

later use of sophisticated perfusion circuits using artificial pumps allowed experi-

ments on detailed physiology of organ function (Brodie 1903). In conjunction with

this, investigators began to formulate synthetic perfusates – solutions of electro-

lytes, solutes, vitamins, etc. capable of replacing blood in some respects and

avoiding thrombus formation, which frequently followed from using whole blood

in an isolated circuit (Locke and Rosenheim 1907; Carrel and Lindbergh 1935,

1938). Throughout the same period, the strong modifying effect of hypothermia on

organ function was also starting to be appreciated (Bickford and Winton 1937).

Although the microsurgical methods necessary to permit organ transplantation

were developed from the early 1900s, it was not until the 1950s that consistent

operative success was achieved, first in renal transplantation (Hume et al. 1955),

whilst ischaemic injury became a recognised major problem. Over the same time,

there were co-incidental reports about the protection provided by hypothermia and

afforded to kidneys in vivo during ischaemia (Schloerb et al. 1959). One of the first

systematic investigations on use of hypothermia in organ preservation for trans-

plantation was performed by Calne et al. in the kidney. These authors investigated

the relative merits of cooling kidneys by simple surface cooling of the organ or by

perfusion of the renal artery with cooled heparinised blood (Calne et al. 1963) and

concluded that vascular flush-perfusion was more efficient method of cooling the

organ mass. However, use of chilled heparinised or diluted blood still led to many

problems with vascular stasis on re-implantation of the graft, and thus the search for

better preservation solutions, preferably synthetic solutions which could be reliably

manufactured and sterilised, became the focus of organ preservation research.
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Some of the first attempts to use acellular “synthetic” preservation solutions

were made using infusions such as ice-chilled lactated Ringer’s, or a glucose-salts

mixture into the renal artery of donor kidney grafts immediately after their removal

from the body cavity (Stickel et al. 1968). The solution described by Collins and his

colleagues (Collins et al. 1969), which was designed to mimic, in a simple fashion,

the intracellular electrolyte balance, was the first notable attempt to advance organ

preservation based on an understanding of the ongoing changes in mammalian cells

during hypothermic exposure, and this solution was used for almost two decades.

Using this, renal allograft preservation was feasible for 1–2 days, long enough to

allow tissue matching and sharing of organs over a wide geographic area. Alongside

these approaches for flush cooling, proponents of continuous hypothermic perfu-

sion continued to develop their methods for oxygenated low temperature perfusion

(Humphries et al. 1964a, b, 1968a, b). However, the logistics and reliability of the

perfusion equipment available at that time meant that gradually, flush cooling and

ice-storage became the most widely used preservation method. Even today, intra-

vascular flush cooling is the first step in the preservation of all whole-organ grafts,

via variations on in situ flush cooling with cold electrolyte solutions infused into

accessible sites such as the distal aorta for abdominal organs or thoracic aorta for

heart and lungs. Expansion of transplantation as a clinical therapy necessitated

methods of multiple organ procurement from the same donor, by which the kidneys,

liver, heart and lungs or various combinations of these organs could be removed

without jeopardising any of the individual organs. This has led to the adoption of

so-called “Flexible techniques” (Starzl et al. 1984) in which all organs to be

transplanted are cooled in situ by vascular flush with chilled acellular solutions,

rapidly removed in a bloodless field, and dissected on a back table.

From the above discussions, it will have become apparent that there is a funda-

mental choice to be made in applied organ preservation, whether to supply oxygen to

sustain low-level oxidative metabolism and energy-consuming homeostatic control

of the intracellular milieu, or whether to allow hypoxia to develop and attempt to

modulate or even capitalise on, the inevitable biochemical changes such that organ

viability is maintained for a practically useful period. Hypothermia is central to both

approaches, but thereafter they differ in philosophy, complexity, portability and cost.

In some ways, each approach mirrors specific scenarios in nature where survivals

against cold and hypoxia have developed on an evolutionary basis.

14.5 Cold Survival Strategies: The Links Between

Medicine and Nature

The effects of cold on the natural world have been part of our collective knowledge-

base since the establishment of scientific method over the past four centuries, and

there have been many pioneering studies. To name just some, in the seventeenth

century Boyle, in his treatise (Boyle 1683), collected many reports of experiments

on low temperatures, whilst Hunter (Palmer 1825), a century later, compared
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hibernating animals such as hedgehogs and bats with normal mammals in relation

to their physiological activities and body temperatures at different seasons of the

year, and classified these as “perfect” or “imperfect” species depending on how

they regulated their body temperatures in seasonally cold environments.

In the natural world, it has become clear over the past 20 years that a reversible

metabolic rate depression is an additional central strategy (in addition to body

cooling) for surviving periods of stress (cold, hypoxia, starvation) across all

kingdoms of life. In animals, cold-associated hypometabolism can be linked to

seasonal climatic changes (as experienced by some lower vertebrates such as frogs

or turtles which over-winter in cold, oxygen-depleted environments at the bottom of

ponds or buried under the forest floor, or by small mammals entering periods of

hibernation in sub-artic regions of the world). A great deal of information has been

gained on the physiological and metabolic consequences of adapted cold survival

(Storey and Storey 1990, 2004a, b, 2007; Storey 2002). Storey and Storey (2007)

and (see Storey et al. 2010) have identified several key criteria which enable cold,

oxygen-limited survival, and amongst these, the major ones which link concep-

tually with organ preservation for transplantation are: (1) a global metabolic rate

suppression; (2) metabolic pathways capable of delivering energy (ATP supply)

and phenotypic alterations to prioritise ATP use; and (3) enhancement of defence

mechanisms (at the molecular and cellular levels) to allow cohesive return to

normal metabolism during arousal. Co-ordinated net suppression of metabolism

is frequently around 90% in the hypometabolic state.

It is not surprising that in natural cold tolerance, maintenance of intracellular

homeostasis a key priority of the residual metabolic activity. Correct ion distribu-

tion with maintenance of cell membrane potential is crucial to survival, all-be-it via

much reduced ATP turnover because there is an associated reduction in ion leakage

following specific molecular mechanisms – termed “channel arrest” (Hochachka

1986; Hochachka et al. 1996). These in turn are co-ordinated through transcrip-

tional and translational signalling events such as the HIF-1a cascade and either

GMP or AMP-dependent-protein kinase activity (Brooks and Storey 1994; Holden

and Storey 1997) leading to reversible protein phosphorylation (Bickler and Buck

2007) as one example. An example of the prioritised changes in metabolism was

given by Hochachka’s group (Hochachka et al. 1996) studying turtle hepatocytes,

where membrane Na+/K+ ATPase activity consumed 60% of available ATP pro-

duction in the hypoxic state, whereas it comprised only about 30% of ATP

consumption under normal conditions. Likewise, DNA micoarray technology has

shown that conditions such as mammalian hibernation require exquisite “fine

tuning” of transcriptional activity – there is not the “blanket” reduction in gene

expression that might be expected from low temperatures, but a highly selective

increase in targeted gene products alongside a down-regulation of other genes.

Indeed, a surprising number of genes may be upregulated in hibernation, many of

which are as yet unidentified, but others can be identified which fall into two main

categories – those which preserve metabolism and cellular molecular architecture

and those that address specific cell or organism needs during stress (such as

antioxidant defences or fatty acid oxidation as an energy supply).
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Beyond the many regulated phenotypic changes which are essential to survive

under conditions such as hibernation, there is one other inescapable factor – the

need for low (but continuous) body perfusion via blood circulation derived from

an intermittent cardiac activity. It has been known for more than 30 years that

even in deep hibernation, rhythmical heart beat can be detected (Lyman 1982;

Lyman et al. 1982). A slow, uniform heart rate accompanies deep hibernation

(Johansson 1996). Essential organ perfusion is maintained, and autoregulation of

coronary flow can be demonstrated. Lyman reported in hibernating 13-lined

ground squirrels that at a body temperature of about 10�C, a heart rate of 2–3

beats per minute and a systolic pressure around 60 mm Hg could be measured

(Lyman 1982). The circulatory events are accompanied by infrequent breathing

activity, interspersed with longer periods of apnoea (Milsom et al. 1999). Never-

theless, the continued body perfusion and episodic breathing permit some

exchange to supply oxygen and remove carbon dioxide, although the relationship

between oxygen delivery and demand in tissues of hibernators has not to our

knowledge been clearly defined. This will also be complicated by the numerous

energy-sparing adaptations which have already been discussed (Storey and Storey

2004a, b). But, at a prosaic level, successful hibernation requires tissue perfusion

as an essential prerequisite.

There is yet another essential factor in hibernation, which is worth noting in

relation to organ preservation, and this is that successful cold tolerance is strictly

time limited. Even where evolution has combined to successfully integrate the

molecular changes, hibernators have to arouse at frequent intervals during a long

overall seasonal cold period. For example, in a 13-lined ground squirrel hibernating

between November and March, around 20 periods of brief arousal and re-entry were

recorded (Andrews 2007). Even at its best, successful mammalian cold tolerance is

very finely balanced on a kinetic basis.

14.6 Application of Cooling and Additional Hypometabolism

by Manipulation of Preservation Solutions

Given the successful strategy for manipulating basal metabolism in natural cold

tolerance described above, it is not surprising that applied cryobiologists attempted

to harness this approach in organ preservation. By the early 1970s, several pieces of

evidence accumulated in organ preservation studies which pointed to the fact that

transmembrane movements of ions and water were still active at low temperatures.

Keeler et al. demonstrated that ion diffusion and oedema in renal tissues could be

identified during cold preservation (Keeler et al. 1966) and could be altered by

changing the composition of the solution surrounding the cells. This led to the

development of the notion of “intracellular” solutions by Collins and his colleagues

(Keeler et al. 1966; Collins et al. 1969), which extended safe preservation time for

kidneys up to 48 h. These solutions minimised the loss of intracellular potassium as
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a main strategy, by raising the external potassium concentration to that found inside

the cell, and concomitantly reducing sodium levels (see Table 14.1), and by doing

so, also reduced to some extent futile cycling of energy through the membrane

sodium–potassium ATPase pump which would consume ATP in trying to maintain

intracellular sodium/potassium balance. This imposed hypometabolic state, by

preventing complete exhaustion of cellular adenine nucleotide reserves, sustained

cell survival by multiple pathways, which even now are not fully understood (Pegg

1978; Salahudeen et al. 2000). For example, it has been suggested that by main-

taining low, residual adenine nucleotide levels in the cell, mitochondrial stability

was enhanced during cold storage.

A second important factor that was established by the studies from Collins and

other contemporaries (Keeler et al. 1966; Collins et al. 1969) was the importance of

the selection of osmotically active components, particularly sugars and large

Table 14.1 Compositions of preservation solutions

EuroCollins UW (Viaspan®) Celsior® Custodiol®

NaCl 10.0 – 100.0 15.0

KCl 108.0 – 15.0 9.0

Potassium hydrogen 2-ketoglutarate – – – 1.0

Potassium Lactobionate – 100.0 80.0 –

MgCl2.6H2O – – 13.0 4.0

NaCO3H 10.0 – – –

NaOH – 25 – –

MgSO4 – 5.0 – 5.0

Glutamic acid – – 20.0 –

Glutathione, – 3.0 3.0 –

Glucose 180.0 – – –

Histidine. HCl. H2O – – 30.0 18.0

Histidine – – – 180.0

Adenosine, – 5.0 – –

Allopurinol – 1.0 – –

Tryptophan – – – 2

Mannitol – – 60.0 30.0

Raffinose – 30.0 – –

CaCl2. 2H2O – – 0.25 0.015

Pentafraction (HES)

g/L

– 50 – –

K2HPO4 60.0 25.0 – –

Insulin

U/L

– 40.0 – –

Dexamethasone, mg/L – 16.0 – –

Penicilin G

UI/L

– 200.000 – –

Na+ 10 25 100 15

K+ 115 125 15 10

pH 7.30 (0�C) 7.40 (25�C) 7.02–7.20 (25�C)
Osmolality: (mosmol/kg H2O) 340 320 310

The constituents of four commonly used and commercially available preservation solutions.

Values are shown as mmol/L unless otherwise indicated
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molecular weight anions, in solution development. Even with the altered sodium/

potassium balance in the synthetic solutions, control of other ionic and solute

redistributions was not possible, and cell swelling was noted during cold preserva-

tion. The addition of agents such as glucose (in Collins’ solution) or mannitol (in

Marshall’s Hypertonic Citrate solution, another solution developed at the time) in

high milimolar concentrations was found to be efficacious (Fuller 1999). The

replacement of chloride in the solution with either phosphate (Collins’ solution)

or citrate (Marshall’s solution) also bolstered control of osmotic balance, since

these anions only diffuse across cell membranes very slowly at hypothermia. Again

there is a parallel with the natural world, where seasonal accumulation of sugars is a

common over-wintering strategy, although this may have more to do with freeze

avoidance.

Over the next decade, various minor modifications of preservation solutions

were reported (such as supplementation of Collins’ solution with sucrose rather

than glucose), but the next major improvement came with the development of the

University of Wisconsin Solution by Southard and Belzer (1995). Whilst maintain-

ing the high potassium concentration, a new set of constituents (lactobionate as the

high molecular weight anion, and raffinose as the sugar osmolyte) were included

(see Table 14.1). In addition, agents to combat oxidative stress during the hypo-

thermic period (Rauen and De Groot 2002), and leading into the early reperfusion

phase, were added. These included reduced glutathione as a thiol anti-oxidant, and

allopurinol, which has both antioxidant effects and inhibits one of the enzymatic

sources of free radical production (xanthine oxidase). Cytoprotection was also

sought by addition of insulin and dexamethasone, although prospective evidence

for addition of such agents took much later to establish (see McAnulty et al. 2004;

Salahudeen et al. 2000, and discussion below). The UW solution was initially

developed for preservation of pancreas, and a further addition was that of

hydroxyl-ethyl starch as colloid, which was thought to improve interstitial oedema

in that organ. At the same time, UW solution was quickly applied to preservation of

liver and kidneys (Southard and Belzer 1995) with notable successes. Much effort

was invested by various groups to understand the importance of the various

components in the UW solution, for example, the value of adding the colloid was

unclear. The inclusion of antioxidants does seem to be generally beneficial during

cold storage (Salahudeen et al. 2000) although the optimal antioxidant selections

from the range of available agents have yet to be fully determined and may be

enhanced by addition of other trophic factors (McAnulty et al. 2004).

The lactobionate/raffinose formulation first used in UW solution has remained a

central plank of hypometabolic flush solutions over the past decade. It does seem

that the control of oedema, plus other attributed effects, such as possible metal ion

chelation by the lactobionate, may hold greater importance than the “intracellular”

balance of potassium or sodium, since other recently developed solutions (still

based on lactobionate/raffinose) such as Celsior (see Table 14.1) have a more

normal, plasma-like, high sodium balance and yet are claimed to be equally

effective to UW solution (Faenza et al. 2001). Also of note has been the develop-

ment of solutions employing the cytoprotective effects of amino acids, particularly
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for small bowel preservation (Salehi et al. 2008). However, it does appear that we

may have reached close to the maximum achievable benefit with current static

hypometabolic flush solutions in organ preservation, unless new molecular targets

are identified in the future. Some of these new ideas will be discussed in Sect. 8

below.

14.7 Hypothermic Machine Perfusion Preservation

The other approach to organ preservation, which was used in the early days of

transplantation, but is now showing a resurgence of interest, is hypothermic

machine perfusion preservation (HMP). In the early part of the twentieth century,

a great deal of work was carried out on isolated perfusion of body organs, where the

focus was to achieve perfusion at normal body temperatures. By the 1940s, a

considerable degree of sophistication was achieved in these technologies as

reported by Carrel and Lindbergh (1935, 1938). There was only a minor interest

in organ perfusion at sub-physiological temperatures, which was used to perturb

normal physiology by temperature reduction (Bickford and Winton 1937). How-

ever, the arrival of clinical transplantation as a therapeutic reality in the 1960s

quickly demanded a reappraisal of isolated perfusion for organ preservation, initi-

ally for the kidney. There was already the conceptual basis for application of

hypothermic perfusion in renal transplantation, and the group led by Humphries

made several important contributions to the acceptance of renal hypothermic

perfusion preservation in transplantation (Humphries et al. 1964a, b, 1968a, b).

Another major pioneer was the late F.O. Belzer who developed one of the first

reliable transportable HMP machines for kidneys. Interest in HMP for other organs

was also active at around the same time (Belzer et al. 1970; Hobbs et al. 1968; Ruiz

and Lillihie 1974), but in reality these were never developed at the time into

widespread clinical application.

The aim of continuous HMP is to stimulate basal but essential levels of aerobic

metabolism. The organ is perfused via the vascular bed with continuous delivery of

oxygen and nutrients from the perfusate, whilst waste products are continuously

removed. The essential requirements are a circuit built from sterile non-thrombo-

genic and non-allergenic delivery tubing, a sterile organ chamber, a pump and heat

exchanger, a mechanism for oxygenation (membrane oxygenation or surface diffu-

sion), appropriate monitoring of perfusate temperatures and pressures, and an

effective perfusion fluid. However, compared with hypometabolic flush preserva-

tion, the method is more complex, costly and may be liable to complication (by

technical failure). Nevertheless, HMP techniques, when appropriately applied, still

provide the maximum extension of successful storage of most organs, as will be

discussed below.

Stable and readily available sterile perfusate solutions were needed to ensure

good perfusion characteristics during HMP, and to provide solutes which improved

preservation of organ physiology. Blood was found to be unsuitable because cold
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blood exhibits abnormal rheology and greater viscosity, which impart sluggish flow

and may lead to micro-emboli within the organ (Humphries et al. 1946a, b). Simple

balanced electrolyte solutions mimicking the extracellular milieu, such as Ringer’s-

lactate solution or saline, were shown to be unsatisfactory hypothermic organ-

preserving solutions which exacerbated interstitial and intra-cellular oedema. Bel-

zer and others looked towards plasma-like solutions containing albumin, dextrans,

starch or other colloids to provide oncotic support and to prevent interstitial

oedema. Eventually, Belzer’s group developed a synthetic solution based on

hydroxy-ethyl starch as colloid (Southard and Belzer 1995) and gluconate as

major anion, which is known as Belzers KPS solution and has been commercially

available since the late 1990s.

The beneficial effects of HMP are multiple and complex, but one fact which was

recognised early in kidney HMP (Pegg et al. 1981; Southard et al. 1983; Southard

et al. 1984), and has been shown consistently in other organs such as liver or heart

(Fuller et al. 1990; Lockett et al. 1995; Dutkowski et al. 2006), is that oxidative

energy production via mitochondrial electron transport is sustained at these hypo-

thermic temperatures (around 10�C) during HMP. In fact, at these temperatures,

aerobic metabolism can be sustained by a quite modest degree of oxygenation and

at reasonably low perfusate flow rates. For example, recent work in liver HMP

supports the use of normal air oxygen tension in the perfusate rather than extreme

oxygenation (T’ Hart et al. 2005). In a recent study on HMP in canine kidneys

damaged by 60 or 75 min of warm ischaemia, surface oxygenation of the perfusate

with 100% oxygen gas was applied. Good recovery of function after transplantation

was noted (Lindell et al. 2005), whilst the starting perfusate oxygen tension was

around 470 mm Hg – intermediate between room air and full oxygen saturation.

There have been occasional reports on the value of oxygen carriers, such as

perfluorocarbons or modified heamoglobins, added during HMP (Tamaki et al.

1987), and these were also used in low-flow situations. The aerobically derived

ATP energy (Changani et al. 1997) is readily measurable and can be used to fuel a

variety of homeostatic mechanisms for control of the intracellular environment,

such as maintenance of ionic balances and pH control, and avoidance of collapse (in

both a structural and functional sense) of the mitochondrial compartment (Polyak

et al. 1999). Since mitochondria are central players in signalling damage events in

the cell, leading to destruction via apoptosis or/and necrosis during cold preserva-

tion via a cascade of events, which together can be viewed as “death signalling”, the

value of HMP can be appreciated. Indeed, cardiac HMP has been reported to reduce

apoptosis (Peltz et al. 2005). In situations (such as prior warm ischaemia in non

heart-beating donors), the organ will have already moved some way down the path

towards the cell death signalling cascade before the start of cooling, whilst resump-

tion of mitochondrial activity can reverse some of these steps. For example, out-

comes can be manipulated by pharmacological means, under conditions simulating

HMP, to avoid the potentially catastrophic event of opening of the mitochondrial

transition pore (McAnulty 1998). Other experimental work in liver HMP has

demonstrated a positive influence of prostacyclin on tissue energy balance during

the perfusion period (Changani et al. 1998). However, much remains to be
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understood about HMP and the molecular signals which can reverse the “death

signalling”, or where exactly “reversible” and “irreversible” injury diverge. It also

might be predicted that the complicated effects of rewarming or “reperfusion

injury” in organs following cold preservation may be less injurious following

HMP, because the cells can better cope with the oxygen paradox if the principle

oxygen-handling organelles (mitochondria) are themselves already in good condi-

tion. For example, experiments on livers preserved by HMP (which have main-

tained a good ATP balance at the end of HMP) showed lower oxidative stress

during rewarming than did those organs stored by simple cold flush (Dutkowski

et al. 1999).

Other attributes for HMP have been linked with positive effects on organ

microcirculation, especially when prior warm ischaemia has been encountered

(Hansen et al. 1997). There is a generally observed reduction in vascular resistance

in organs perfused with optimal HMP protocols. The combination of improved

microcirculation and cell energy status has been shown to result in improved

survival in rat livers damaged by prior warm ischaemia and then transplanted

after storage by HMP (Lee et al. 2003), compared with simple cold-stored organs.

The crucial balance is to achieve good perfusion throughout the organ mass without

injuring the microcirculatory bed (see below). In this respect, the optimal choice of

colloid has remained an important research focus and the Amsterdam group have

recently proposed a switch to polyethylene glycol as the major colloid for liver

HMP (Bessems et al. 2005a, b). Also, the ability of HMP to regulate acid–base

balance and stabilise intracellular pH has recently been revisited, with the proposal

(Baicu et al. 2006) that raising the HEPES buffer concentration (from 10 mM in the

standard Belzer Kidney Preservation Solution to 35 mM in a modified lactobionate/

gluconate solution termed UHK) can provide tight pH control in a porcine kidney

model. In contrast, colloid-free Bretschneider’s HTK solution has been successfully

applied to renal HMP, as long as perfusion pressures were kept at a low level

(Minor et al. 2005).

Other potential applications for HMP are as reliable methods for providing

cytoprotective or immuno-modulating drugs during the organ preservation period.

The work of Polyak and colleagues showed that supply of prostaglandin E1 during

HMP resulted in impressive results for kidney preservation (Polyak et al. 1999).

However, not all cytoprotective drugs appear to behave as predicted during HMP

(Bartels-Stringer et al. 2005), and little information exists on molecular signalling,

pharmaco-kinetics or drug-receptor interaction under the conditions of HMP. It will

be important to study these areas in future to target pharmacological agents for

maximum benefit. For the future, use of HMP may be one way forward to deliver

targeted gene therapy to donor organs in vitro, but significant improvements in the

associated knowledge and technology bases will be needed to make this a reality

(Collins et al. 2000).

Throughout the 1980s and 1990s, the subsequent expansion of clinical renal

transplant activity led to a re-evaluation of many aspects of the services, including

rationalisation of organ procurement and sharing between centres. The perceived

high cost of HMP and the relatively difficult shipping constraints of the equipment
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of the period provided one stimulus to move towards cold flush preservation. The

cold perfusates required for HMP were also inconvenient to prepare on a routine

basis (at least, before the arrival of Belzer’s KPS solution), because unstable blood

components were often used. In addition, there were several studies which indi-

cated that little or no additional benefit could be obtained using HMP (with what we

now recognise as sub-optimal perfusates), compared with the standard hypometa-

bolic flush (Halloran and Aprile 1987; Merion et al. 1991). Only a minority of

centres in the United States and Europe sustained HMP programmes into the 1990s,

supported by their earlier experiences, and the continuing indications that there

were generally lower delayed graft function rates when using HMP (Alijani et al.

1985; Williams 1986; Merion et al. 1991; Salahudeen et al. 2000). On balance,

these improvements were not considered of sufficient import to drive a consensus

acceptance for HMP across the transplant community. However, during the same

time period, several other factors were beginning to impact on organ procurement

policies. More donors were being considered for multi-organ procurement in

comparison with kidney-alone retrieval. Factors such as the greater need for organs

as clinical activity increased, allied with changes in donor demographics (for e.g.

improved road safety reduced the numbers of donors arising from road traffic

accidents in many countries), exacerbated organ shortages and increased pressures

to consider older, less fit candidates for organ donation (Bennett et al. 1993). In

these situations, HMP offered a potential mechanism to evaluate some physiologi-

cal functions of the procured kidneys, for example by measuring vascular resistance

during the ex vivo period. Also, delayed graft function was recognised as a signifi-

cant problem using such “marginal” donors, and preservation by HMP still

continued to demonstrate good early function in such kidneys (Tesi et al. 1994).

Another important factor was the increased commercial availability of the synthetic

gluconate-based perfusate (also known as Belzer’s KPS – see above) from the early

1990s. Arguments began to be made to support use of HMP not only on a clinical

basis, but also on cost of the service as a whole (Wight et al. 2003), because

reducing dialysis requirements and hospital stay following use of HMP after

transplanting marginal kidneys could more than off-set perfusion costs (Henry

et al. 1988; Johnson et al. 1990; Rosenthal et al. 1991). This case was strengthened

when consideration was given to the small but significant number of kidneys

assessed during HMP and discarded as having bad predicted outcome, where both

monetary service and health costs to the individual recipient patient can be high if a

non-functioning organ is transplanted. Some centres with a long experience of

HMP continued to put high value on use of the technique not only for marginal

donors, but also for traditional cadaveric kidneys (Light 1998; Merion et al. 1991).

More recently there has been a significant resurgence of interest in HMP

techniques because, with the acute international shortage of suitable organs for

transplantation, moves have been made in many countries to access organs from

donors previously considered not to be suitable. These include donors who have

cardiac instability and eventually cardiac death, the so-called donation after cardiac

death (DCD) scenario. The efforts have been significantly boosted by the develop-

ment of a new generation of HMP machines, such as the Lifeport Kidney
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Transporter (Organ Recovery Systems), which are easily transportable and manu-

factured from sterile disposable components. This has led to the recent and first ever

reported major multi-centre prospective trial of HMP vs. static cold preservation in

renal organ preservation. The trial demonstrated a clear outcome benefit in both

delayed graft function and organ graft survival at 1 year (Moers et al. 2009), and

many more centres are moving to HMP with these new machines for kidney

preservation in selected donor groups.

14.8 New Areas of Research in Organ Preservation

There are several new areas of research and re-evaluation of previous ideas, fuelled

in part by the need to provide increased numbers of donor organs.

14.8.1 Towards a Single Preservation Solution

Because of the nature of modern multi-organ procurement operations (with up to

six different organs potentially accessible from a single donor patient), the develop-

ment of a single preservation solution, capable of successfully preserving all

abdominal and cardiothoracic organs, would aid in logistics and reduce costs. Up

until now, different solutions have been used for example, for heart or lung

preservation from those used for livers or kidneys, with an inevitable wastage

during the operation. To this end, solutions such as Celsior, with a physiological

ion balance but containing the recognised cytoprotective agents such as lactobio-

nate and glutathione (Faenza et al. 2001), may be one way forward.

14.8.2 Novel Modulation of the Hypometabolic State

Benefits may also be possible by further controlling hypometabolism (see Sect. 6

above). The principles of metabolic regulation of hypometabolism are highly

conserved across phylogeny, and thus it seems likely that there are still new ideas

to be developed in this area by continuing to reassess both natural and laboratory-

applied cold tolerance (Storey 2004). For example, by applying a novel reversible

inhibition of oxidative phosphorylation using gaseous hydrogen sulphide (H2S), it

has been possible to induce states of profound hypometabolism in several model

organisms (Blackstone et al. 2005; Blackstone and Roth 2007). Because H2S is a

specific, potent, and reversible inhibitor of mitochondrial complex IV (cytochrome

c oxidase), the terminal enzyme complex in the electron transport chain, it has been

hypothesised that it could reduce metabolic rate and thus core body temperature in

mammals; however, there remain controversies with this agent, which include the
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ability to translate experimental results to clinical applications, and the known

toxicity arising from H2S gas itself (Savolainen et al. 1980) which would dictate

the need for a very fine and robust control of H2S concentrations in the clinic for the

sake of safety for both the patient and the staff.

14.8.3 A Role for Other Bioactive Gases

Improved cold preservation by the generation of bioactive gases, like Carbon Mono-

xide (CO) or Nitric Oxide (NO), is another recent area of focus. To reduce cold

preservation-related I/R injury, restoration of adequate blood flow after transplanta-

tion is essential to maintain the microvasculature and to provide oxygen and nutrients

to the recovering tissues. In respect of vascular physiology at the level of the micro-

circulation, carbon monoxide and nitric oxide are two endogenously produced gases

that can act as second messenger molecules. Heme oxygenases and nitric oxide

synthases are the in vivo enzyme systems responsible for generating carbonmonoxide

and nitric oxide, respectively. Experimental studies of delivering pharmacologically

derived agents such as NO and CO have demonstrated protective effects against I/R

injuries after cold preservation (Sandouka et al. 2006; Pizzaro et al. 2009). Both gases

share similar properties, such as the ability to activate soluble guanylate cyclase to

increase cyclic GMP. Administration of NO donors or CO in the form of soluble

carbon monoxide-releasing molecules (CORMs) also results in enhanced function in

kidneys and heart after cold storage (Vardanian et al. 2008).

Clinically, difficulties remain in safe and effective administration of these agents

in clinical practice. However, these CO and/or NO delivery strategies might

provide a unique opportunity to treat as “organ-targeted” therapy, the organs likely

to suffer cold preservation-induced I/R before the recipient operation. A soluble

form of CO in UW preservation solution (as might be provided by a CORM) would

minimise the concerns about possible toxicity induced by in vivo CO inhalation

(Sandouka et al. 2006). In addition, NO is itself a free radical and this is critical in

areas of injury such as organ toxicity as well as in regulation of blood flow. Much

still remains to be learnt about the pharmacology of these agents in the setting of

organ preservation.

14.8.4 Oxygen Supply at Hypothermia

The interplay between oxygen, its link to energy metabolism and cold in organ

preservation have been discussed above in Sect. 7. Both the composition of the

preservation solution and the nature and concentration of dissolved gases may

influence the efficacy of the preservation. Up until now, great efforts have been

made to improve the composition and quality of preservation solutions (as discussed

in Sect. 6), but little attention has been placed on defining the exact role of dissolved
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oxygen during hypothermic perfusion-preservation. The key question in the

renewed interest in HMP for organ preservation (see Sect. 7) is the level of oxygen

supply needed for optimal support. It has been reported that the excessive delivery

of an oxygenated solution during HMP may increase reactive oxygen species

(ROS) due to the high partial pressure of oxygen in the solution, depletion of

natural antioxidants during HMP, and shear stress from the perfusion on endothelial

cells (Silacci et al. 2001). These problems, however, do require substantial attention

and should be considered as a “double-edged sword”: oxygen is necessary for

aerobic energy metabolism, but it could also lead to an increase in ROS, resulting

in damage to cellular membranes and other cell components (Rauen and de Groot

2004; van der Plaatz et al. 2004). In this respect, there are several questions to be

answered concerning the methodology involved in HMP.

l How much oxygen may be delivered during the HMP?
l Are there relationships between perfusion flow, the preservation temperature and

the tissue oxygen consumption?
l Should the hypothermic perfusion be continuous or intermittent, pulsatile or not?

To explore these questions, it is important therefore to re-examine the effect of

temperature on the respiration and on the diffusion of oxygen in tissues as such as

liver. Historical evidence in the literature provides some background clues, and

these will be briefly reviewed here. Borgmann (1974) deduced an equation that

expresses the rate relationship for a complex system such as tissue respiration:

A ¼ CTe�m=RT ;

where A is the tissue respiration rate, C is an empirical constant for any given tissue,

T is the absolute temperature, R is the gas constant in Cal mol�1 T�1 and m is a

complex temperature coefficient, which represent a function of the energies of

activation of all of the enzyme systems participating on the whole respiration

process. This equation is appropriate to describe the respiration of isolated cell

suspensions at PO2 levels where diffusion profiles are not limiting the respiration.

In relation to organ preservation, several authors have demonstrated that the cell

respiration is related to temperature and does approximate to Arhenius-type kinetics

(Farr and Fuhrman 1965; Fuhrman 1956) on cooling. The plot of ln (respiration

rate) as a function of 1/T allows the determination of the Arrhenius coefficients

which can be used to estimate the activation free energies of the respiration process.

In later work, Southard et al. (1983) compared the effect of temperatures on the rate

of a membrane-bound enzyme catalysed reactions and ADP-stimulated respiration

in mitochondria from dog, human, pig and rabbit kidney. They found that decreas-

ing the temperature diminished the rate of mitochondrial oxygen consumption in

each species studied.

A similar phenomenon occurs for intact organs. Experiments by Fujita and co-

workers during continuous perfusion of the liver at temperatures varying from 5 to

37�C demonstrated that the amount of oxygen that is consumed in the reduced

metabolic state in the cold is a logarithmic function of temperature. These
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investigators (Fujita et al. 1993a, b) determined the temperature (T)-dependent
oxygen consumption (VO2) expressed by the equation:

VO2 ¼ 0:21� 100:029T mmol=min =g liver:

The relationship between oxygen consumption and temperature is logarithmic,

and whilst oxygen consumption decreases, it may still be measurable at tempera-

tures of 0–4�C. In fact, on a theoretical basis, at 4�C liver metabolism would still

require 0.27 mmol/min/g.liver of oxygen, which suggests that a specified level of

oxygen supply during hypothermic liver perfusion may be required.

To further investigate this, we have recently measured the oxygen consumption

of rat livers perfused with the preservation solution Custodiol at both 10 and 5�C,
having determined previously the oxygen solubility in the preservation solution at

these temperatures. The livers were perfused at constant pressure (77 � 15 mmH2O

– about 50% of the normothermic portal pressure) in a device designed to measure

the oxygen consumption by the liver during hypothermic perfusion (Rodriguez

et al. 2008). As shown in Table 14.2, after 2 h of perfusion at low temperatures, the

livers at hypothermia possessed a reduced respiratory activity compared with

control normothermic values, and this accounts for less than 5% of the values

measured during perfusion with Krebs–Henseleit solution at 37�C. However, there
was in the region of a 50% higher oxygen consumption moving from 5�C to 10�C,
so it is important to record and consider the temperature at which HMP will be

carried out, in order to achieve good aerobic metabolism.

In relation to this, another point to be considered is the effect of temperature

upon oxygen diffusion in tissues. A previous study (McCabe and Maguire 2005)

examined the effect of temperature on the oxygen partial pressure profiles inside

respiring tissues of different architecture (two models of respiring sheets and

spheres). They determined that the limiting thickness or limiting radius of the

oxygenated tissue will increase or decrease corresponding to the applied tempera-

ture. It is unknown at present how this will affect HMP.

The crucial, unanswered question which we are currently unable to answer is: at

what point would oxygen deprivation become significant during HMP? We need

therefore a better understanding how cooling affects integrated cell metabolism and

Table 14.2 Oxygen extraction and consumption indices after normothermic and hypothermic

perfusion of rat livers

Perfusion solution Temperature

(�C)
[O2]input
(nmol O2 min�1

g liver�1)

O2

Extraction

VO2

(nmol O2 min�1

g liver�1)

Krebs–Henseleit

(n ¼ 3)

37.2 � 0.3 1340 � 160 0.86 � 0.03 1150 � 10

Custodiol® 10.8 � 0.6 128 � 20 0.45 � 0.03 57 � 4

(n ¼ 3) 4.6 � 0.8 130 � 40 0.36 � 0.01 38 � 7

Livers were perfused with normal Krebs–Henseleit at 37�C. At hypothermia, Custodiol was used –

CUSTODIOL® HTK is a solution indicated for perfusion and flushing of donor kidneys, liver,

pancreas and heart prior
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in particular the metabolism of oxygen to determine the appropriate methodology to

supply “essential” levels of oxygen during cold preservation and in particular

during HMP.

14.9 Summary

The discussions in this chapter have highlighted how far we have come in being

able to implement preservation based on cooling of organs and tissues in clinical

therapy, but also, the wide gaps in our fundamental knowledge. Worldwide, we are

able to offer a hypothermic organ preservation as a clinical service, but this is by no

means optimal, since we still incur significant levels of organ dysfunction during

storage, which ultimately impedes further progress in transplant therapy. The

methods have been developed empirically, against a background awareness that

Nature, when challenged from an evolutionary perspective to deal with similar

problems of cold and hypoxia, has evolved a much more sophisticated “survival

strategy”. The explosive interest in molecular sciences in the recent past now gives

us opportunities to revisit the problems of organ preservation, to better understand

Nature’s “winning hand” against hypothermic injury in tolerant species and to

identify targets for translation into improved organ and tissue preservation.
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