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Preface

As the earth makes its yearly elliptical orbit around the sun, the angle of its axis 
causes the northern and southern hemispheres to experience changes in photoperiod 
and temperature that result in the changing seasons. As a consequence of a plant’s 
specific geographic location, these seasonal changes often induce cold-, heat-, and/
or dehydration-related stress during an annual life cycle. Therefore, plants have 
evolved specific adaptive mechanisms for surviving periods of seasonally-induced 
stress. From a life cycle perspective, deciduous and annual plant species often sac-
rifice tissues as an adaptive response to environmentally-induced stress, whereas 
evergreens do not. However, in all cases, these diverse plant species respond to 
seasonal environmental cues to induce well-defined phases of dormancy within 
reproductive structures such as seeds and vegetative buds that can initiate a new 
life cycle once seasonal conditions are conducive for growth. Understanding how 
upstream plant receptors perceive these seasonal changes in photoperiod, tempera-
ture, and moisture to orchestrate the timing of downstream cellular, molecular, and 
physiological networks regulating dormancy induction, maintenance, and release 
are critical for global agricultural production; particularly in the context of global 
climate change.

Historically, a small group of experts and stakeholders interested in various as-
pects of plant dormancy has gathered, on average, every 4–5 years at an Interna-
tional Plant Dormancy Symposium (IPDS) to exchange information, develop col-
laborations, and share ideas on plant dormancy mechanisms. Presentations at these 
meetings generally cover updated research from experimental plant systems rang-
ing from agronomic, horticultural, and tree crops to model plants and weeds. Previ-
ous presentations from IPDS meetings have resulted in a series of published docu-
ments. Presentations from the 1st IPDS held in Corvallis, Oregon, USA, in 1995 
and the 2nd IPDS held in Angers, France, in 1999 were published as book chapters 
by CAB International in 1996 and 2000, respectively; whereas presentations from 
the 4th IPDS held in Fargo, North Dakota, USA, 2009 were published as peer-
reviewed papers in a special issue of Plant Molecular Biology (Vol. 73, No. 1–2, 
2010). This book includes proceedings from the 5th IPDS held on November 4–7, 
2014 in Auckland, New Zealand, as well as other invited chapters. Based on several 
chapters covering comparisons between dormancy mechanisms common to buds 
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and seeds, it seems logical that the IPDS is often sponsored by or held in conjunc-
tion with the International Seed Science Society.

Collectively, the chapters in this book constitute reviews, research, and perspec-
tives among scientists interested in disseminating advances in our understanding 
of cellular, genetic, molecular, and physiological mechanisms involved in plant 
dormancy processes in both buds and seeds. It was recognized that many previ-
ously published IPDS articles inadequately discussed the impact that global cli-
mate change may have on these plant dormancy processes. Consequently, numer-
ous chapters contained in this book fill this gap by highlighting the potential for 
global climate change to impact not only dormancy, but also flowering processes. 
Because dormancy and flowering appear to share overlapping pathways, it will be 
particularly important to understand how global climate change will impact spe-
cific factors (e.g., chilling requirements and alternative chemicals) needed to break 
dormancy and uniformly induce flowering in horticultural crops and tree species. 
Although global climate change is not likely to affect seasonal changes in photo-
period, it is likely to impact seasonal changes in temperature. Thus, in crops where 
dormancy and flowering are known to be controlled by temperature alone (such as 
apple and pear), global climate change has the potential to change the geographic 
landscape for some of these horticultural species. Therefore, understanding how 
environmental and biochemical factors impact processes regulating the complex 
nature of dormancy in diverse plant systems and its overlap with flowering, covered 
by numerous chapters in this book, will be essential for ensuring crop production 
and food security for future generations.

I hope that the scientific community benefit from the information reported in this 
book and it raises a new level of interest in understanding plant dormancy. Finally, 
I want to give special thanks to all of the contributors and reviewers who helped to 
make this book a reality.

� James V. Anderson
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Chapter 1
Molecular and Hormonal Regulation  
of Thermoinhibition of Seed Germination

Heqiang Huo and Kent J. Bradford

© Springer International Publishing Switzerland 2015
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K. J. Bradford () · H. Huo
Seed Biotechnology Center, Department of Plant Sciences, University of California, Davis,  
CA 95616, USA
e-mail: kjbradford@ucdavis.edu

Introduction

The life cycles of most flowering plants begin as a seed. However, rather than 
germinating immediately, most seeds exhibit some level of primary dormancy to 
prevent precocious germination during development and to ensure that the envi-
ronmental conditions are favorable for seedling growth. In addition to primary 
dormancy, seeds can also enter secondary dormancy in response to unfavorable 
environmental conditions such as temperature or water stresses, enabling them to 
persist over multiple seasons or years until conditions are appropriate for germina-
tion (Hilhorst 2007). Temperature is a primary factor regulating seasonal changes in 
seed dormancy status (Bewley et al. 2013; Footitt et al. 2013). With the prospect of 
global warming, we can anticipate that plants will be exposed to wider fluctuations 
in temperature and may be subjected to higher temperatures in the future, which 
may significantly impact crops and ecosystems worldwide (Franks et  al. 2014; 
Long and Ort 2010). In particular, it is of interest to anticipate how the germination 
and dormancy responses of seeds to temperature might be affected under climate 
change scenarios (Donohue et al. 2010; Kimball et al. 2011; Saatkamp et al. 2011).

Temperature influences seed germination in multiple ways. For nondormant 
seeds, germination rates (inverse of the time to germination following imbibition) 
generally increase above a minimum or base temperature ( Tb) to an optimum tem-
perature ( To) and then decrease above To until germination ceases at a maximum or 
ceiling temperature ( Tc) (Bewley et al. 2013; Covell et al. 1986). The increase in 
germination rates as temperature increases is generally in accordance with the ther-
modynamics of temperature effects on plant growth. The decrease in germination 
rates above To appears to be due to an increase in the threshold water potential re-
quired for completion of germination ( Ψb) (Alvarado and Bradford 2002); however, 
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the molecular mechanisms underlying this effect are essentially unknown. In ad-
dition to these broad germination responses of nondormant seeds to temperature, 
upper temperature limits for germination are associated with primary dormancy 
and after-ripening. In some seeds, primary dormancy is expressed as restricted tem-
perature ranges allowing germination and these ranges widen as dormancy is al-
leviated by after-ripening or other factors (Allen et al. 2007; Probert 1992). On the 
other hand, some seeds will enter thermodormancy and/or thermoinhibition when 
imbibed at warm temperatures. This is distinct from the inhibition of germination 
described above, as it generally occurs at temperatures considerably lower than Tc. 
It may also occur over a small range of temperatures, such that germination can 
go from 100 to 0 % when the upper temperature limit is exceeded by only a few 
degrees. This germination behavior is often associated with a winter annual life 
cycle common in Mediterranean-type climates with wet winters and dry summers, 
as seeds that are shed in early summer and have subsequently after-ripened nonethe-
less may not germinate when hydrated at warm temperatures, waiting instead until 
the fall for cooler temperatures and more certain rainfall before germinating. While 
advantageous in the wild, this can result in economic losses due to poor stand es-
tablishment in crops such as lettuce or carrot during warm seasons (Lafta and Mou 
2013; Nascimento et al. 2013).

The terms “thermoinhibition” and “thermodormancy” are used to describe this 
type of germination behavior at warm temperatures, although there are subtle dis-
tinctions between the two terms. Seed thermoinhibition is the situation when ger-
mination of seeds that have been imbibed at warm temperature is prevented, but the 
seeds will subsequently germinate rapidly when the temperature is reduced (Argyris 
et al. 2008; Huo et al. 2013). It is therefore a temporary inhibition of germination 
that can be alleviated simply by lowering the temperature. In contrast, thermodor-
mancy generally refers to a type of secondary dormancy that is induced by extended 
exposure of hydrated seeds to warm temperatures that prevent germination. Ther-
modormant seeds will not germinate immediately when the temperature is reduced, 
indicating that a more persistent type of inhibition or dormancy has been induced 
(Corbineau et  al. 1988; Kepczynski and Bihun 2002; Leymarie et  al. 2008; Toh 
et al. 2012). Such seeds may require a dormancy-breaking condition such as chill-
ing to overcome this induced dormancy. Thermoinhibition could be likened to light 
requirements for germination, as the seed is not deeply dormant, but rather is not 
germinating due to responses to its current situation, for example warm temperature 
or lack of light, that selection over evolutionary history has indicated are not con-
ducive to seedling survival. The molecular mechanisms underlying these different 
levels of regulation of germination for different life cycle strategies are now being 
revealed (Donohue 2014; Footitt et al. 2013).

Despite the wealth of empirical information about the role of temperature in 
regulating seed dormancy and germination (Baskin and Baskin 1998; Bewley et al. 
2013), relatively little is known about the mechanism(s) by which seeds can sense 
temperature and transduce that signal into gene expression and developmental 
events controlling germination (Penfield and MacGregor 2014; Wigge 2013). Seed 
dormancy and germination in general have been reviewed in many recent reports 
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(Arc et al. 2013; Graeber et al. 2012; Linkies and Leubner-Metzger 2012; Nambara 
et al. 2010; Rajjou et al. 2012; Weitbrecht et al. 2011). Here, we will focus on the 
hormonal and molecular regulation of seed thermoinhibition and principally on the 
initial responses to imbibition at warm temperatures that prevent the developmental 
progression to germination, that is, rupture of any tissues enclosing the embryo and 
growth of the embryonic seedling.

Abscisic Acid (ABA) Is a Major Regulator of Seed 
Thermoinhibition

The plant hormone ABA plays a leading role in regulating seed dormancy and ger-
mination (Graeber et al. 2012; Nambara et al. 2010). ABA biosynthesis is required 
for the induction of primary dormancy during seed development and in general is an 
inhibitor of germination (Bewley et al. 2013). Biochemical, genetic and genomics 
analyses have revealed the molecular basis of ABA metabolism and  action (Fig. 1.1) 
(Cutler et al. 2010; Nambara and Marion-Poll 2005; Schwartz and Zeevaart 2010). 

Zeaxanthin 

Violaxanthin 

ZEP/ABA1 

Neoxanthin 

9’-cis-violaxanthin 9’-cis-neoxanthin 

Xanthoxin 
NCEDs NCEDs 

SDR1/ABA2 

Abscisic aldehyde 

ABA 

AAO/ABA3 

ABA 8’- 
hydroxylase 

8’-hydroxy ABA 

ABA 
PYR/PYL/ 

RCAR 

+ ABA 

PP2C/ 
ABI1, 2 

SnRK2s 

Transcrip�on 
factors  

ABI3, 4, 5 

dephosphoryla�on 

phosphoryla�on 

PYR/PYL/ 
RCAR 

PP2C/ 
ABI1, 2 

SnRK2s 

ABA-responsive genes 

Seed thermoinhibi�on 

- ABA GGDP 

(carotenoids) 
fluridone 

ac�ve 

less ac�ve phaseic acid 

up-regulated at high temperature 

Germina�on blocked Seed germina�on 

Fig. 1.1   Pathways of abscisic acid (ABA) biosynthesis and signaling. (Modified from Bewley 
et al. 2013; Cutler et al. 2010; Yamaguchi et al. 2007). Gene/enzyme names are in Table 1.1
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Genetic studies in particular have demonstrated that alterations in the ABA biosyn-
thetic pathway can greatly influence seed dormancy and germination (Holdsworth 
et al. 2008; Martinez-Andujar et al. 2011; Nambara et al. 2010). Several key genes/
enzymes have been characterized for their functional roles in ABA biosynthesis and 
catabolism and in regulating seed germination and dormancy (Table 1.1) (reviewed 
in Nambara et  al. 2010). Loss of function in ABA biosynthetic genes, including 
ZEP/ABA1 (Koornneef and Jorna 1982), NCEDs (Frey et al. 2012; Lefebvre et al. 
2006), ABA2/GIN1/SDR1 (Gonzalez-Guzman et al. 2002; Leon-Kloosterziel et al. 
1996a), or ABA3/LOS5 (Leon-Kloosterziel et al. 1996a; Xiong et al. 2001), results 
in reduced dormancy, whereas overexpression of ABA biosynthetic enzymes en-
hances dormancy (Lin et  al. 2007; Martinez-Andujar et  al. 2011). Disruption of 
ABA catabolism leads to higher levels of ABA and seed germination inhibition. For 
example, mutation in the CYP707A2 gene encoding ABA-8′hydroxylase, a P450 
enzyme that catalyzes conversion of ABA to inactive 8′-hydroxyl-ABA, resulted 
in a strong seed dormancy phenotype (Kushiro et al. 2004; Okamoto et al. 2006).

When nondormant seeds are imbibed under favorable conditions such as op-
timum temperature and light requirements, the endogenous ABA present in dry 
seeds rapidly declines; in contrast, in thermoinhibited seeds the endogenous ABA 
contents generally decline initially followed by accumulation and maintenance of 
elevated levels (Argyris et al. 2008; Huo et al. 2013; Toh et al. 2008). This indicates 
that de novo ABA biosynthesis is induced in thermoinhibited seeds. It is also known 
that application of ABA biosynthesis inhibitors (e.g., fluridone) can relieve the in-
hibition of seed germination by high temperature (Argyris et al. 2008; Gonai et al. 
2004; Toh et al. 2008; Yoshioka et al. 1998), implying that ABA-deficient mutants 
might be resistant to inhibition by high temperature. However, not all ABA-defi-
cient Arabidopsis mutants display both reduced seed dormancy and thermoinhibi-
tion, suggesting that the mechanisms for regulating seed thermoinhibition are not 
entirely the same as the ones for regulating primary dormancy (Table 1.1). NCEDs 
(9-cis-epoxycarotenoid dioxygenases) catalyze oxidative cleavage of 9-cis-violax-
anthin or 9-cis-neoxanthin to generate xanthoxin (Fig. 1.1) (Sawada et  al. 2008; 
Schwartz et  al. 1997; Schwartz and Zeevaart 2010). There are five NCED gene 
family members that exhibit enzyme activity in Arabidopsis ( NCED2, NCED3, 
NCED5, NCED6, and NCED9) (Auldridge et al. 2006). All five NCEDs might regu-
late seed dormancy and/or thermoinhibition by contributing to ABA synthesis in de-
veloping or imbibed seeds (Table 1.1) (Auldridge et al. 2006; Lefebvre et al. 2006; 
Toh et al. 2008). Among them, NCED6 and NCED9 are the two major NCED family 
members that regulate seed dormancy in Arabidopsis. Loss of function in these two 
genes leads to significant reduction of endogenous seed ABA content (Lefebvre 
et al. 2006). While dormancy was normally established during seed development in 
nced6 and nced9 mutants, and freshly harvested seeds of these two single mutants 
displayed similar germination kinetics as Columbia wild-type seeds, both single 
mutants were more resistant to paclobutrazol (PAC), a gibberellin biosynthesis in-
hibitor, typical of the phenotype seen in other ABA-deficient mutants such as aba2 
and aba3 (Lefebvre et al. 2006; Leon-Kloosterziel et al. 1996a). However, only the 
nced9 mutant is resistant to high temperature during seed germination, while ger-
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Gene Biological function Dormancy phe-
notype of LOF 
mutant

Thermoinhibition 
phenotype of LOF 
mutant

References

ABA biosynthesis
ABA1/ZEP ABA biosynthesis Reduced 

dormancy
Resistance to 
thermoinhibition

Koornneef and 
Jorna (1982)
Tamura et al. 
(2006)

ABA2 ABA biosynthesis 
and sugar responsive

Reduced 
dormancy

Reduced inhibition Leon-Kloosterz-
iel et al. (1996a)
(Toh et al. 2008)
Toh et al. (2012)

ABA3 ABA biosynthesis Reduced 
dormancy

ND Leon-Kloosterz-
iel et al. (1996a)

NCED2 ABA biosynthesis Normal 
dormancy

Improved tolerance 
to thermoinhibi-
tion combined with 
nced9 mutant

Toh et al. (2008)
Frey et al. 
(2012)

NCED3
LsNCED2
LsNCED3

ABA biosynthesis Normal 
dormancy

ND Qin and 
Zeevaart (2002)
Tan et al. (2003)
Huo et al. (2013)

NCED5 ABA biosynthesis Normal 
dormancy

Improved tolerance 
to thermoinhibi-
tion combined with 
nced9 mutant

Toh et al. (2008)
Frey et al. 
(2012)

NCED6 ABA biosynthesis Normal dor-
mancy but more 
resistant to 
paclobutrazol

Sensitive to high 
temperature as 
wild type

Lefebvre et al. 
(2006)
Toh et al. (2008)

NCED9
LsNCED4
HvNCED1
McNCED

ABA biosynthesis Normal dor-
mancy but more 
resistant to 
paclobutrazol

Resistance to 
thermoinhibition

Leymarie et al. 
(2008)
Toh et al. (2008)
Huo et al. (2013)
Tuan and Park 
(2013)

ABA signaling
ABI1 ABA signaling abi1-2, abi1-3, 

hypersensitivity 
to ABA at seed 
germination; 
abi1-1, insen-
sitivity to ABA 
response at seed 
germination

abi1-1, resistance 
to thermoinhibition

Koornneef et al. 
(1984)
Finkelstein 
and Somerville 
(1990)
Leung et al. 
(1997)
Tamura et al. 
(2006)

Table 1.1   Some genes known to affect seed thermoinhibition. The Arabidopsis gene names are 
used; homologous genes are known to have similar function in other species in some cases. LOF 
loss of function, ND not determined
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Gene Biological function Dormancy phe-

notype of LOF 
mutant

Thermoinhibition 
phenotype of LOF 
mutant

References

ABI2 ABA signaling abi2-1, insen-
sitivity to ABA 
response at seed 
germination

abi2-1 resistance to 
thermoinhibition

Koornneef et al. 
(1984)
Finkelstein 
and Somerville 
(1990)
Leung et al. 
(1997)
Tamura et al. 
(2006)

HAB1 ABA signaling hab1-1, hyper-
sensitivity to 
ABA at seed 
germination

ND Saez et al. 
(2004)
Saez et al. 
(2006)

ABI3 Seed maturation and 
ABA signaling

Reduced 
dormancy

Resistance to 
thermoinhibition

Koornneef et al. 
(1984)
Tamura et al. 
(2006)
Lim et al. (2013)

ABI4 ABA and sugar 
signaling

Normal 
dormancy

Sensitive to high 
temperature as 
wild type

Finkelstein 
(1994)
Tamura et al. 
(2006)

ABI5 ABA signaling Reduced sensi-
tivity to ABA at 
germination

Overexpression 
of ABI5 causes 
hypersensitivity to 
high temperature

Finkelstein 
(1994)
Tamura et al. 
(2006)
Lim et al. (2013)

Gibberellin signaling
RGL2 GA signaling nega-

tive regulator
More resistant to 
paclobutrazol

Resistance to 
thermoinhibition

Lee et al. (2002)
Tyler et al. 
(2004)
Toh et al. (2008)

SPINDLY GA signaling nega-
tive regulator

More resistant to 
paclobutrazol

Resistance to 
thermoinhibition

Jacobsen and 
Olszewski 
(1993)
Toh et al. (2008)

DELLA GA signaling nega-
tive regulator

More resistant to 
paclobutrazol

Resistance to 
thermoinhibition

Kim et al. 
(2008)

Ethylene biosynthesis and signaling
CTR1 Ethylene signaling Reduced ABA 

and glucose sen-
sitivity during 
seed germination

Resistance to 
thermoinhibition

Beaudoin et al. 
(2000)
Wang et al. 
(2007)
Cheng et al. 
(2009)
Huo et al., 
unpublished data

Table 1.1  (continued)
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Gene Biological function Dormancy phe-
notype of LOF 
mutant

Thermoinhibition 
phenotype of LOF 
mutant

References

ETO1 Negative regulator of 
ethylene synthesis

Faster germina-
tion rate

Partial resistance to 
thermoinhibition

Cheng et al. 
(2009)
Huo et al., 
unpublished data

Dormancy maintenance
FUS3 Seed maturation Reduced 

dormancy
Resistance to 
thermoinhibition

Holdsworth 
et al. (2008)
Chiu et al. 
(2012)

RDO1 Unknown Reduced 
dormancy

Resistance to 
thermoinhibition

Leon-Kloosterz-
iel et al. (1996b)
Tamura et al. 
(2006)

RDO2 Transcription elonga-
tion factor SII

Reduced 
dormancy

Resistance to 
thermoinhibition

Tamura et al. 
(2006)
Liu et al. (2011)
Leon-Kloosterz-
iel et al. (1996b)

RDO3 Unknown Reduced 
dormancy

Resistance to 
thermoinhibition

Tamura et al. 
(2006)
Leon-Kloosterz-
iel et al. (1996b)

RDO4/
HUB1

Histone H2B 
monoubiquitination

Reduced 
dormancy

Resistance to 
thermoinhibition

Leon-Kloosterz-
iel et al. (1996b)
Tamura et al. 
(2006)
Liu et al. (2007)

DOG1 Unknown Reduced 
dormancy

Resistance to 
thermoinhibition

Bentsink et al. 
(2006)
Huo et al. 
unpublished data

Jasmonic acid biosynthesis
OPR3 Jasmonic acid 

synthesis
No obvious 
phenotype in 
germination

More sensitive to 
thermoinhibition

Dave et al. 
(2011)

Strigolactone synthesis and signaling
MAX1 Strigolactone 

synthesis
Reduced 
germination

More sensitive to 
thermoinhibition

Toh et al. (2012)

MAX2 Strigolactone 
signaling

Reduced 
germination

More sensitive to 
thermoinhibition

Toh et al. (2012)

Other
SOM CCCH-type zinc 

finger protein
Enhanced ger-
mination in the 
dark

Resistance to 
thermoinhibition

Kim et al. 
(2008)
Lim et al. (2013)

Table 1.1  (continued) 
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mination of nced6 mutant seeds was still sensitive to thermoinhibition (Toh et al. 
2008). When their mRNA levels were investigated in seeds imbibed at 34 °C, tran-
scripts increased for NCED9 but not NCED6, while mRNA amounts for both genes 
decreased dramatically in seeds imbibed at 22 °C. This indicates specialization of 
the NCED gene family in response to environmental signals.

Similar results were also observed in other species (Argyris et  al. 2008; Huo 
et al. 2013; Leymarie et al. 2008). There are four NCED members ( LsNCED1-4) in 
lettuce ( Lactuca sativa) (Sawada et al. 2008). Phylogenetic analysis revealed that 
LsNCED2 and LsNCED3 have high similarity to AtNCED3, whereas LsNCED4 
is more homologous to AtNCED6 and AtNCED9 (Huo et al. 2013; Sawada et al. 
2008). Genetic quantitative trait locus (QTL) mapping pointed to LsNCED4 as be-
ing responsible for the capacity for germination at high temperature exhibited by a 
Lactuca serriola accession (UC96US23) (Argyris et al. 2011). Functional analysis 
demonstrated that LsNCED4 mRNA decreased in lettuce seeds imbibed at 20 °C, 
associated with a decline in endogenous ABA content (Argyris et al. 2008). When 

Gene Biological function Dormancy phe-
notype of LOF 
mutant

Thermoinhibition 
phenotype of LOF 
mutant

References

DAG1 DOF
AFFECTING 
GERMINATION1

Enhanced ger-
mination in the 
dark

Resistance to 
thermoinhibition

Papi et al. 
(2002)
Gabriele et al. 
(2010)
Rizza et al. 
(2011)

TT7 Required for 
flavonoid-3′-
hydroxylase activity

Faster germina-
tion rate

Resistance to 
thermoinhibition

Debeaujon et al. 
(2000)
Salaita et al. 
(2005)
Tamura et al. 
(2006)

CAP2 DREB2A-like gene, 
responsive to salt, 
dehydration

ND Overexpression 
of CAP2 causes 
thermotolerance of 
tobacco seeds at 
germination

Shukla et al. 
(2009)

HSP26 Small heat shock 
protein, responsive to 
heat stress

ND Overexpression 
of wheat sHSP26 
caused ther-
motolerance of 
Arabidopsis seeds 
at germination

Chauhan et al. 
(2012)

CODA Choline oxidase that 
converts choline to 
glycinebetaine

ND Overexpression of 
CODA gene caused 
higher germination 
under heat shock 
stress

Alia et al. (1998)
Li et al. (2011)

Table 1.1  (continued)
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lettuce seeds were imbibed at 35 °C, LsNCED4 expression in the thermoresistant 
accession (UC96US23) was still down-regulated as in seeds imbibed at 20 °C, 
whereas LsNCED4 mRNA level in a thermosensitive line (Salinas) increased after 
an initial decline. LsNCED4 can rescue the thermoresistant phenotype of Arabidop-
sis nced6-1 nced9-1 double mutants that was mainly caused by the loss of function 
in NCED9 (Huo et al. 2013; Toh et al. 2008). Silencing of LsNCED4 using RNA 
interference (RNAi) in the thermosensitive cultivar Salinas overcame the inhibitory 
effect by high temperature during seed germination, while expression of Salinas 
LsNCED4 under its own promoter in the thermoresistant accession resulted in com-
plete inhibition of germination at 35 °C (Huo et al. 2013). This indicated that the 
thermoresistance of UC96US23 seeds was primarily due to lack of response of the 
promoter of its LsNCED4 allele to high-temperature signals. In barley ( Hordeum 
vulgare), high imbibition temperature (> 30 °C) also inhibited germination of pri-
mary dormant seeds and caused secondary thermodormancy (Leymarie et al. 2008). 
HvNCED1 was up-regulated by high temperature during barley seed imbibition at 
30 °C (Leymarie et al. 2008), and sequence analysis showed that HvNCED1 is more 
homologous to Arabidopsis NCED9 than to NCED6 (Chono et al. 2006).

Arabidopsis NCED2 and NCED5 genes have also been demonstrated to be regu-
lated by high temperature during seed germination, although seeds of both single 
mutants did not show significant thermoresistant phenotypes comparable to nced9-1 
mutant seeds (Toh et al. 2008). However, triple mutants of nced9-1 nced5-1 nced2-1 
displayed stronger thermotolerance during seed germination than did the nced9-1 
single mutant, suggesting that NCED5 and NCED2 play minor roles in regulation 
of seed thermoinhibition as they do in primary seed dormancy (Frey et al. 2012; 
Toh et  al. 2008). In bitter melon ( Momordica charantia), McNCED, a homolog 
of Arabidopsis NCED9 and NCED3, was responsive to high temperature during 
seed germination (Tuan and Park 2013). The results from Arabidopsis, lettuce, bar-
ley and bitter melon suggest that NCED9-like genes are specifically regulated by 
high temperature and are essential for induction of thermoinhibition. By contrast, 
NCED3-like genes were mainly responsive to water stress (Huo et al. 2013; Iuchi 
et al. 2001; Qin and Zeevaart 2002; Tan et al. 2003). This multiplication of genes 
encoding ABA-biosynthetic enzymes and diversification of their regulation by en-
vironmental cues (e.g., temperature and water deficit) explains how plant hormones 
can play such diverse developmental and physiological roles.

In Arabidopsis, NCED family members are not the only genes encoding ABA 
biosynthetic enzymes that are induced by high temperature. ABA1/ZEP was also 
up-regulated by high temperature during seed imbibition (Argyris et al. 2008; Chiu 
et al. 2012; Huo et al. 2013; Toh et al. 2008). The ABA1/ZEP (zeaxanthin epoxidase) 
gene initiates the biosynthetic pathway leading to ABA by converting zeaxanthin 
to violaxanthin in a two-step epoxidation (Fig. 1.1; Marin et al. 1996; Nambara and 
Marion-Poll 2005). Although ABA1/ZEP expression does not increase as greatly as 
NCED9 during imbibition at high temperature, the aba1-1 mutant displays a sig-
nificant thermotolerance phenotype (Tamura et al. 2006). The ABA2 gene encodes 
a short-chain alcohol dehydrogenase that catalyzes the conversion of xanthoxin to 
abscisic aldehyde which is then oxidized to ABA by an abscisic aldehyde oxidase 
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(AAO3). The activity of AAO3 enzyme requires a sulfurated molybdenum cofactor, 
which is activated by a Mo-cosulfurase (ABA3) (Fig. 1.1; Nambara and Marion-
Poll 2005). Similar to aba1-1, aba2-2 mutant seeds are also resistant to thermoin-
hibition, although ABA2 expression was unchanged during seed imbibition at high 
temperature (Toh et al. 2008; Toh et al. 2012). This could be due to its critical role 
in ABA biosynthesis. Unlike the NCEDs, ABA1 and ABA2 do not have other ho-
mologous genes in the Arabidopsis genome, and mutations of these two genes could 
cause more severe defects in ABA biosynthesis than mutation of individual NCED 
members (Nambara and Marion-Poll 2005).

The inhibitory effect of ABA on seed germination is transduced through an ABA 
signaling pathway. In the PYR/RCAR-PP2C-SnRK2 signal transduction model, 
protein phosphatase 2Cs (PP2Cs such as ABI1, ABI2 and HAB1) dephosphorylate 
SNF1-related protein kinase 2s (SnRK2s) in the absence of ABA to repress their 
activity and downstream activation of ABA response factors (ABFs) by SnRK2s 
(Fig. 1.1; Cutler et al. 2010). ABA can interact with the PYR/RCAR receptors and 
PP2Cs to form a complex and release the suppression of PP2Cs on SnRK2s; ac-
tivated SnRK2s phosphorylate numerous downstream target proteins involved in 
ABA responses, including transcription factors ABI3 (ABA-INSENSITIVE3, a B3-
domain transcription factor) and ABI5 (ABA-INSENSITIVE5, a bZIP transcription 
factor) (Fig. 1.1; Cutler et al. 2010; Umezawa et al. 2010).

Both ABI1 and ABI2 are negative regulators in the ABA signaling pathway 
(Fig. 1.1). Recessive loss-of-function alleles of ABI1 and HAB1 ( abi1-2, abi1-3, 
and hab1-1) displayed hypersensitivity to ABA at seed germination (Saez et  al. 
2004; Saez et  al. 2006). By contrast, mutations abi1-1 and abi2-1 prevent their 
interaction with the ABA receptors in the presence of ABA (Ma et al. 2009; Park 
et al. 2009). However, abi1-1 and abi2-1 mutant seeds efficiently dephosphorylate 
and inactivate SnRK2, resulting in dominant insensitivity to ABA response at seed 
germination (Finkelstein and Somerville 1990; Fujii et al. 2009; Koornneef et al. 
1984; Leung et al. 1997; Umezawa et al. 2009). Seeds of abi1-1 and abi2-1 mutants 
showed resistance to thermoinhibition at 32 °C; however, only abi1-1 seeds could 
germinate well at 34 °C (Tamura et al. 2006). In addition, Arabidopsis abi3-1 (Ler 
background) and abi3-8 (Col background) mutants showed intermediate levels of 
thermoinhibition at 34 °C (Tamura et al. 2006). A recent report also demonstrated 
that seeds with two additional abi3 mutant alleles ( abi3-sk11 and abi3-sk22) dis-
played strong resistance to thermoinhibition (Lim et al. 2013). On the other hand, 
germination of ABA-insensitive abi4-3 and abi5-7 seeds were inhibited as severely 
as the wild-type seeds at 32 °C (Tamura et al. 2006). ABI4 and ABI5 are involved 
in repressing Arabidopsis seed germination and mutant seeds display resistance to 
ABA during germination (Finkelstein 1994; Finkelstein and Lynch 2000; Lopez-
Molina et al. 2002; Lopez-Molina et al. 2001). However, unlike seeds with abi1-1, 
abi2-1 and abi3 mutations that have reduced dormancy (Koornneef et al. 1984), 
seeds with abi4 and abi5 mutations have normal dormancy, consistent with the 
lesser effects of these mutations on thermoinhibition (Table 1.1; Finkelstein 1994; 
Tamura et al. 2006).
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Expression of both LsABI3 and LsABI5 was up-regulated in thermosensitive 
Salinas lettuce seeds imbibed at 35 °C, whereas this up-regulation was not ob-
served in the thermoresistant accession UC96US23 (Argyris et al. 2008; Huo et al. 
2013). Similarly, LsABI5 expression was suppressed in Salinas seeds in which the 
LsNCED4 gene was completely silenced, consistent with the up-regulation of ABI3 
and ABI5 expression by ABA (Lopez-Molina et al. 2002; Lopez-Molina et al. 2001). 
The endogenous ABA content is much lower in UC96US23 and RNAi-LsNCED4 
Salinas seeds imbibed at high temperature than in wild-type Salinas seeds (Huo 
et al. 2013), suggesting that the up-regulation of LsABI5 in Salinas seeds at high 
temperature may be due to the high level of de novo ABA biosynthesis rather than 
a direct response to high temperature. Although abi5 mutant Arabidopsis seeds are 
as sensitive to high temperature as the wild-type seeds, overexpression of ABI5 re-
sulted in hypersensitivity to high temperature at seed germination (Lim et al. 2013). 
These results suggest that the lack of resistance of abi5 single mutants to high tem-
perature at germination could be due to the redundant function of different bZIP 
transcription factors.

GA Counteracts ABA to Improve Seed Germination  
at High Temperature

Gibberellin (GA) is generally required for seed germination (Debeaujon and Koorn-
neef 2000; Ogawa et  al. 2003; Sun 2008). Mutations of GA biosynthetic genes 
such as ent-Copalyl diphosphate synthase ( CPS/GA1), ent-kaurene 
synthase ( KS/GA2), ent-kaurene oxidase ( KO/GA3) and gibberellin-
3-oxidases ( GA3ox1 and GA3ox2) lead to failure of germination in the light and 
dark (Fig. 1.2; Koornneef and Vanderveen 1980; Mitchum et al. 2006; Yamauchi 
et al. 2004). Imbibition at lower temperatures results in induction of GA biosyn-
thetic genes, such as GA3ox1 and gibberellin-20-oxidase1 ( GA20ox1) in 
Arabidopsis seeds (Yamauchi et al. 2004), while high temperature suppresses the 
expression of GA3ox and GA20ox genes in Arabidopsis and lettuce (Argyris et al. 
2008; Gonai et al. 2004; Huo et al. 2013; Toh et al. 2008). We can ask whether 
the GA biosynthetic genes are suppressed directly by high temperature or by the 
elevated endogenous ABA content derived from the de novo ABA biosynthesis. 
The expression of GA3ox and GA20ox genes was not suppressed in thermoresistant 
lettuce seeds imbibed at high temperature, and the suppression of these genes in a 
thermosensitive line was reversed by silencing the LsNCED4 gene (Argyris et al. 
2008; Huo et al. 2013). Similar results were observed in Arabidopsis aba2-1 mutant 
seeds, which displayed thermotolerance of germination at 33 °C and elevated ex-
pression of GA3ox1, GA3ox2 and GA20ox3, whereas all three genes were strongly 
suppressed in wild-type seeds in which the ABA content was increased by up-reg-
ulation of NCED9, NCED5 and NCED2 (Toh et al. 2008). There was no difference 
in expression of genes encoding GA catabolism enzymes such as gibberellin-
2-oxidase ( GA2ox) between germinating seeds and thermoinhibited seeds in 
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Arabidopsis (Toh et al. 2008), but the expression of LsGA2ox1 in thermoinhibited 
lettuce seeds was higher than in thermoresistant seeds (Argyris et al. 2008). This 
up-regulation by high temperature did not occur in Salinas seeds when LsNCED4 
was silenced, thereby lowering ABA content (Huo et al. 2013), indicating that in 
some but not all seeds, the regulation of GA catabolism during seed germination at 
high temperature is ABA dependent. Some genes involved with early steps in the 
GA biosynthetic pathway were up-regulated by high temperature ( CPS, KS, KO) 
in lettuce (Fig. 1.1); this is likely due to feedback inhibition of these genes by GA, 
resulting in their up-regulation when synthesis of active GAs is inhibited (Argyris 
et al. 2008).

Although application of GA alone can partially alleviate thermoinhibition in let-
tuce, Arabidopsis, tomato ( Solanum lycopersicum) and pepper ( Capsicum annuum) 
seeds, combined application of GA and fluridone was more effective in promoting 
seed germination (Argyris et al. 2008; Carter and Stevens 1998; Gonai et al. 2004; 
Kepczynska et al. 2006; Toh et al. 2008). In addition, germination of the thermoin-
hibition-resistant Arabidopsis aba2-1 and lettuce UC96US26 seeds was suppressed 
by a GA biosynthesis inhibitor (PAC) (Huo et al. 2013; Toh et al. 2008). This sug-
gests that thermotolerance might be achieved by maintaining ABA content below 
an inhibitory threshold, but GA is still required for seed germination to proceed.

GA acts on seed germination through several key signaling components 
(Fig. 1.2), including GA receptors (GIDs) (Nakajima et al. 2006), negative regula-
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Fig. 1.2   Pathways of gibberellin biosynthesis and signaling. (Modified from Bewley et al. 2013; 
Yamaguchi et al. 2007). Gene/enzyme names are in Table 1.1
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tors (e.g., SPINDLY [SPY] and DELLA-domain proteins such as RGL2) (Jacobsen 
and Olszewski 1993; Lee et al. 2002; Piskurewicz et al. 2008) and positive regula-
tors (e.g., F-box protein SLEEPY1 [SLY1]) (McGinnis et al. 2003). As expected 
from the promotive effect of GA on germination, seeds of gid and sly1 mutants fail 
to germinate (Griffiths et al. 2006; McGinnis et al. 2003; Steber et al. 1998; Willige 
et al. 2007). By contrast, rgl2 and spy mutant seeds are insensitive to PAC during 
germination (Jacobsen and Olszewski 1993; Lee et  al. 2002; Tyler et  al. 2004). 
Consistent with this, Toh et al. (2008) found that seeds of Arabidopsis rgl2 and spy-
4 mutants are resistant to thermoinhibition. Seeds of pentuple DELLA mutants also 
exhibited germination thermotolerance (Kim et al. 2008). The tolerance of DELLA 
mutants could be due to the lower ABA contents, as Piskurewicz et al. (2008) found 
that RGL2 inhibits Arabidopsis seed germination by stimulating ABA synthesis and 
ABI5 expression. In Arabidopsis, SPY transcripts decreased to low levels at 22 °C, 
but were induced and maintained at relatively high levels at 34 °C; this elevated 
SPY expression was suppressed in aba2-2 seeds imbibed at 33 °C (Toh et al. 2008). 
While this suggests that suppression of SPY may result from the lower ABA content 
in the aba2-2 mutant seeds, in other studies SPY expression was not responsive to 
ABA treatment (Qin et al. 2011).

Red light can increase the upper temperature limits for germination and over-
come the thermoinhibition of lettuce seeds incubated in the dark (Argyris et  al. 
2008; Cantliffe et  al. 2000; Saini et  al. 1989). Light promotes GA accumulation 
in lettuce seeds and decreases ABA content by promoting or inhibiting expression 
of their respective biosynthetic genes (Sawada et al. 2008; Toyomasu et al. 1993; 
Toyomasu et al. 1994). In Arabidopsis, red light, acting through phytochrome and 
degradation of PHYTOCHROME-INTERACTING FACTOR3-LIKE5 (PIL5), in-
duces the expression of genes involved in GA biosynthesis and influences respon-
siveness to GA while also acting to reduce ABA levels (Oh et al. 2007; Yamaguchi 
et al. 1998). Thus, it is likely that light increases upper temperature limits for ger-
mination through these effects on the relative balance between ABA and GA action.

Ethylene Promotes Seed Germination at High Temperature

Ethylene promotes seed germination of diverse species (reviewed in Arc et al. 2013; 
Bogatek and Gniazdowska 2012; Kepczynski and Kepczynska 1997; Matilla and 
Matilla-Vazquez 2008). Thermoinhibition of lettuce, chickpea ( Cicer arietinum), 
sunflower ( Helianthus annuus) and tomato seeds could be alleviated by application 
of ethylene or its biosynthetic precursor 1-aminocyclopropane-1-carboxylic acid 
(ACC) (Corbineau et al. 1988; Dutta and Bradford 1994; Gallardo et al. 1991; Gal-
lardo et al. 1994; Kepczynska et al. 2006; Nascimento et al. 2000; Saini et al. 1989), 
suggesting that ethylene biosynthesis is involved in regulation of thermoinhibition 
across different species. For carrot ( Daucus carota) seeds, there was a positive cor-
relation among genotypes between their ethylene production and their capacity for 
germination at high temperatures (Nascimento et  al. 2008). Thermoinhibition in 
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marigold ( Tagetes minuta) seeds was alleviated by a combination of treatments that 
reduced ABA levels and increased ethylene levels, although ethylene alone was less 
effective (Taylor et al. 2005).

In higher plants, ethylene is derived from the amino acid methionine which is 
converted to S-adenosyl-L-methionine ( S-AdoMet) by S-AdoMet synthetase (SAM 
synthetase) (Fig. 1.3; Yang and Hoffman 1984). ACC synthase (ACS) catalyzes the 
conversion of S-AdoMet to ACC, which is further converted to ethylene by ACC 
oxidase (ACO) (Bleecker and Kende 2000). Up-regulation of ACS and/or ACO 
and enhanced ethylene evolution are associated with seed germination in several 
species (Chiwocha et al. 2005; Foley et al. 2013; Hermann et al. 2007; Iglesias-
Fernandez and Matilla 2010; Leubner-Metzger et  al. 1998; Linkies et  al. 2009; 
Machabee and Saini 1991; Petruzzelli et al. 2000). The promotive effect of red light 
on releasing thermoinhibition in the dark could be blocked by 2-aminoethoxyvinyl 
glycine (AVG, an ethylene biosynthesis inhibitor) and 2,5-norbornadiene (NBD, an 
ethylene action inhibitor) (Saini et al. 1989), suggesting that endogenous ethylene 
action was essential for the light-induced alleviation of lettuce seed thermoinhibi-
tion in the dark. Higher ethylene evolution was also detected from thermoresistant 
than from thermosensitive genotypes of lettuce seeds imbibed at 35 °C (Nascimento 
et al. 2000). Exogenous ACC increased seed germination of thermosensitive lettuce 
seeds at 35 °C and simultaneously increased endo-β-mannanase activity (involved 
in endosperm cell wall degradation), whereas AVG and silver thiosulfate (STS, an 
inhibitor of ethylene signal transduction) resulted in decreased or no activity of 
endo-β-mannanase. This result indicated that ethylene may overcome the inhibitory 
effect of high temperature in thermosensitive lettuce seeds by increasing endo-β-
mannanase expression, leading to weakening of the endosperm tissue enclosing the 
radicle (Nascimento et al. 2000, 2001, 2004).
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Fig. 1.3   Pathways of ethylene biosynthesis and signaling. (Modified from Bewley et al. 2013). 
Gene/enzyme names are in Table 1.1
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Seed priming (controlled hydration followed by drying) alleviates thermoinhibi-
tion by increasing the maximum germination temperature (Guedes and Cantliffe 
1980; Valdes and Bradford 1987). The ACC level in primed lettuce seeds peaked 
before germination at 35 °C and AVG reduced the ACC level and inhibited germi-
nation at 35 °C (Huang and Khan 1992). ACC application in association with seed 
priming further enhanced seed germination performance at 35 °C (Korkmaz 2006). 
The expression of genes encoding enzymes in the GA and ethylene biosynthetic 
pathways ( LsGA3ox1 and LsACS1, respectively) was suppressed by imbibition 
of untreated lettuce seeds at elevated temperatures but enhanced in primed seeds 
(Schwember and Bradford 2010). At the same time, transcript levels of LsNCED4 
decreased in the primed seeds compared to untreated control seeds imbibed at high 
temperature. There is an “escape time” from thermoinhibition, that is, transfer to 
higher temperatures after initial imbibition for 6–12 h at low temperature (in the 
case of lettuce seeds) does not result in inhibition of germination (e.g., Argyris et al. 
2008). Similarly, increased expression of LsGA3ox1 and LsACS1 and repression 
of LsNCED4 during priming treatment is not reversed by subsequent imbibition 
of primed (and dried) seeds at high temperature (Schwember and Bradford 2010). 
Thus, the developmental regulation of LsNCED4, which is expressed during late 
seed maturation (Huo et al. 2013) and is only inducible by elevated temperature for 
a limited period of time after imbibition, seems to be associated with either prevent-
ing or allowing the increases in expression of GA and ethylene biosynthetic genes 
that promote germination.

The temperature at which lettuce seeds mature influences the upper temperature 
limit inducing thermoinhibition (Contreras et al. 2009; Harrington and Thompson 
1952; Hayashi et al. 2008; Sung et al. 1998). Seeds that mature at higher temperature 
(HTM seeds) germinate to higher percentages at warm temperatures than do seeds 
matured at lower temperature (LTM seeds). The effect of seed maturation environ-
ment on thermoinhibition may act in part via ethylene. HTM seeds produced more 
ethylene during germination than LTM seeds, regardless of imbibition conditions, 
and application of exogenous ACC also increased the germination of both HTM 
and LTM seeds (Kozarewa et al. 2006). This was not due to differences in ethyl-
ene perception between HTM and LTM germinating seeds, indicating that ethylene 
biosynthesis rather than ethylene perception in both types of seeds led to the differ-
ence in thermoinhibition. Expression of LsACS and LsACO was strongly repressed 
in seeds of a thermosensitive lettuce genotype at 35 °C in the light, whereas their 
expression in a thermoresistant genotype was only delayed but still expressed as 
well as at 20 °C (Argyris et al. 2008). As for GA biosynthetic genes, the repression 
of LsACS and LsACO at high temperature could be due to the elevated endogenous 
ABA, because silencing of LsNCED4 (reducing ABA content) resulted in increased 
expression of these genes in association with germination at 35 °C (Huo et al. 2013).

Because elevated ethylene synthesis is associated with thermoresistance in some 
species, mutations that result in ethylene overproduction, such as in ETHYLENE 
OVERPRODUCER 1 ( ETO1), might be expected to display resistance to high 
temperature during seed germination. ETO1 negatively regulates ACS5 activity 
by recognizing and directly interacting with the C-terminal region of the protein. 
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This interaction allows CUL3 (a component of ubiquitin E3 ligase) to bind ACS5, 
leading to its degradation via the ubiquitin-26S-proteasome pathway (Wang et al. 
2004). The eto1-4 mutant overproduces ethylene and has a rapid seed germina-
tion phenotype (Cheng et al. 2009), whereas inhibition of ACO and ACS or loss of 
function of ACO resulted in less ethylene production and delayed seed germination 
(Gallardo et al. 1994; Iglesias-Fernandez and Matilla 2010; Kepczynski et al. 2006; 
Linkies et al. 2009). Consistent with this, our preliminary data showed that the eto1-
4 mutant can increase the upper temperature limit for seed germination (Table 1.1).

Although numerous reports have demonstrated that ethylene can promote seed 
germination and release seed thermoinhibition, the molecular mechanism behind 
ethylene action is still unclear. Ethylene signaling components comprise ethylene 
receptors (ETR1/ETS1), the negative regulator CTR1 (constitutive triple 
response1), an essential ER-membrane-localized EIN2 protein, and down-
stream nuclear-localized transcription factors such as EIN3, EIL1 and EREBPs/
ERFs (Fig. 1.3; Merchante et al. 2013). Ethylene might act on seed germination 
through altering the sensitivity to endogenous ABA, as the ctr1 and ein2 mutants 
were isolated as enhancer and suppressor, respectively, of germination of abi1-1 
mutant seeds that have an ABA-resistant germination phenotype (Beaudoin et al. 
2000; Wang et al. 2007). However, in other reports, the ein2 and etr1-1 mutants 
displayed enhanced germination sensitivity to ABA due to over-accumulation of 
endogenous ABA (Cheng et al. 2009; Ghassemian et al. 2000). Interestingly, these 
ABA-sensitive ein2 and etr1-1 mutants had higher ethylene production than the 
wild-type seeds whereas ctr1 mutant seeds had reduced ethylene production (Cheng 
et al. 2009). A reduction in endogenous ABA, as observed in the ein2 aba2 double 
mutant, considerably promoted seed germination in a manner that resembled the 
effect of the ctr1-1 mutant (Cheng et al. 2009), suggesting that ethylene promotes 
seed germination through alteration of endogenous ABA content and/or ABA sen-
sitivity. Linkies et al. (2009) also found that ethylene promotes seed germination 
in Lepidium sativum and Arabidopsis by counteracting the effects of ABA and pro-
moting endosperm rupture. On the other hand, ERF1 was implicated in transducing 
GA and/or mechanical signals between the embryo and endosperm in tomato seeds 
(Martínez-Andújar et al. 2012). In addition, other genes involved in the ethylene 
signaling pathway like RAN1 and XRN4 may also regulate seed germination/ther-
moinhibition (Bogatek and Gniazdowska 2012).

Jasmonates and Strigolactones May Be Involved  
in Regulating Seed Thermoinhibition

Jasmonates such as jasmonic acid (JA) and methyl jasmonate (MeJA) have been 
found to inhibit seed germination of various plant species (reviewed in Linkies 
and Leubner-Metzger 2012). Jasmonic acid and its biosynthetic precursor 12-oxo-
phytodienoic acid (OPDA) and associated metabolites (MeJA and jasmonoyl-L-
isoleucine [JA-Ile]) are signaling compounds in plant stress responses, physiologi-

AQ1
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cal reactions and developmental processes (Wasternack 2007). In the pathway for 
jasmonate biosynthesis, OPDA is first produced in chloroplasts from α-linolenic 
acid by 13-lipoxygenase (LOX), allene oxide synthase (AOS) and allene oxide cy-
clase (AOC) (Fonseca et  al. 2009). The ATP-binding cassette (ABC) transporter 
COMATOSE (CTS) is responsible for transporting OPDA to the peroxisome for 
β-oxidation in Arabidopsis (Wasternack 2007). In the peroxisome, OPDA is cata-
lyzed by OPDA reductase (OPR3 in Arabidopsis) to OPC-8:0 that is eventually 
converted to JA (Wasternack 2007). Genetic analysis revealed that cis-OPDA rather 
than JA or JA-Ile has strong inhibitory effects on seed germination in Arabidopsis 
(Dave et al. 2011). cis-OPDA treatment is more effective than JA in inhibiting wild-
type Arabidopsis seed germination; in addition, OPDA has also been shown to af-
fect seed germination at high temperature. Although seeds of both opr3-1 and aos 
mutants germinate similarly at 20 °C, thermoinhibition at 31 °C was observed only 
in opr3-1 mutant seeds which had elevated levels of cis-OPDA. The inhibition of 
seed germination by cis-OPDA is likely not due to decreased GA levels since ex-
ogenous GA and after-ripening treatment could not rescue cts mutants having high 
cis-OPDA and strong dormancy (Pinfield-Wells et al. 2005; Russell et al. 2000); 
moreover, the endogenous GA level in cts-2 mutant seeds is even higher than in 
wild-type seeds (Dave et al. 2011).

This type of thermoinhibition also is not caused by elevated endogenous ABA 
levels, because endogenous ABA contents in dry and imbibed seeds of the cts-2 
mutant are similar to those in wild-type seeds. Instead, the inhibitory effect of cis-
OPDA is synergistic with ABA; combined ABA and OPDA treatment inhibited seed 
germination more efficiently than either treatment alone (Dave et al. 2011). The two 
hormonal signals may converge at ABI5, which can inhibit germination. In seeds 
of the mutant ped3, which is allelic to cts-2, ABI5 transcript levels remain elevated 
relative to the wild type upon seed imbibition (Kanai et al. 2010); in addition, exog-
enous OPDA treatment induced ABI5 protein accumulation during seed imbibition 
and exogenous ABA treatment could enhance this induction (Dave et  al. 2011). 
These results suggest that the seed germination inhibition by OPDA at high tem-
perature could be mediated by this increase in ABI5, as its overexpression enhanced 
germination sensitivity to high temperature (Lim et al. 2013). Whether OPDA bio-
synthesis is responsive to temperature remains to be investigated. It should be noted 
that in contrast to the results for Arabidopsis and other species, MeJA reduced dor-
mancy in wheat ( Triticum aestivum) grains and this was associated with lower ex-
pression of TaNCED1 and lower ABA content (Jacobsen et al. 2013).

Strigolactones are terpenoid lactones derived from carotenoids that are known 
for their ability to stimulate germination of seeds of some parasitic weeds, such 
as Striga lutea (witchweed) (Ruyter-Spira et  al. 2013). A synthetic strigolactone 
(GR24) alleviated Arabidopsis seed thermoinhibition at 32 °C (Toh et  al. 2012). 
Germination of seeds of a strigolactone biosynthetic mutant ( max1-1) and a signal-
ing mutant ( max2-1) were 3 °C more sensitive to elevated temperature than were 
wild-type seeds. Exogenous GR24 can rescue seeds of max1-1 but not of max2-1, 
indicating that strigolactone action has a promotive effect on seed germination at 
high temperature (Toh et al. 2012). Alleviation of thermoinhibition by GR24 was 
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blocked by the GA inhibitor PAC, suggesting that GA is required for the action of 
strigolactones on germination; in addition, GR24 can increase the endogenous GA4 
content of seeds. GR24 also suppressed NCED9 expression, resulting in a lower 
level of endogenous ABA in seeds imbibed at 32 °C (Toh et al. 2012). These results 
indicate that strigolactone signaling is also involved in regulating seed thermoinhi-
bition.

Cytokinins might also be involved in the regulation of seed germination by 
strigolactone, because hormonal profiling results revealed that the cytokinin levels 
increased significantly in GR24-treated Striga hermonthica seeds that are particu-
larly sensitive to the GR24 signal for germination (Toh et al. 2012). Cytokinin also, 
at least partially, alleviates seed thermoinhibition in lettuce (Khan and Huang 1987; 
Saini et al. 1986; Small et al. 1993). Cytokinins have been shown to promote Arabi-
dopsis seed germination through antagonizing ABA action by suppression of ABI5 
expression (Wang et al. 2011). However, the promotive effect of cytokinins on seed 
germination might also be due to their enhancement of ethylene production (Chiwo-
cha et al. 2005; Khan and Prusinski 1989; Siriwitayawan et al. 2003).

Other Genetic Factors Influencing Thermoinhibition

FUSCA3 (FUS3), ABI3 and LEAFY COTYLEDON (LEC1 and LEC2) are four 
key regulators that play prominent roles in embryogenesis and seed maturation 
(Holdsworth et al. 2008). Mutations in all four genes cause reduced seed dormancy 
(Holdsworth et al. 2008). FUS3 is also involved in Arabidopsis seed thermoinhibi-
tion (Chiu et al. 2012). At high temperature, FUS3 was greatly induced and accu-
mulated in imbibed Arabidopsis seeds. A FUS3 overexpression line had a slower 
germination rate and displayed hypersensitivity to high temperature during seed 
germination, whereas seeds of a loss of function fus3 mutant were strongly resistant 
to thermoinhibition at 32 °C (Chiu et al. 2012). The thermoinhibition of the FUS3-
overexpression line could be partly rescued by application of an ABA biosynthesis 
inhibitor, suggesting that de novo ABA synthesis is required for the hypersensitiv-
ity to high temperature. ChiP-chip and microarray assays revealed that FUS3 can 
directly regulate NCED5, NCED9 and several GA biosynthetic genes (Wang and 
Perry 2013; Yamamoto et al. 2010), suggesting that the thermotolerance of the fus3 
mutant seeds could be due to a decrease in NCED5 and NCED9 expression. Our mi-
croarray data (unpublished results) also showed that LsFUS3 transcripts decreased 
in lettuce seeds imbibed at 20 °C, but remained at a high level when thermosensi-
tive seeds were imbibed at 35 °C for 24 h, raising the possibility of LsFUS3 as a 
candidate transcription factor for regulating LsNCED4. The increased abundance 
of FUS3 transcript in thermoinhibited seeds could also be part of a syndrome of 
maintaining expression of maturation-related genes in dormant seeds and preven-
tion of the developmental phase change from embryogenesis to germination (Cad-
man et al. 2006; Chiu et al. 2012).



211  Molecular and Hormonal Regulation of Thermoinhibition of Seed Germination

Testa structure, color and permeability can influence germination and dormancy 
(Chen et al. 2012; Debeaujon and Koornneef 2000; Debeaujon et al. 2000; Downie 
et al. 2003; Leubner-Metzger 2002; Salaita et al. 2005). Germination of some trans-
parent testa ( tt) mutant seeds, which generally exhibit reduced dormancy, is tem-
perature dependent (Salaita et al. 2005; Tamura et al. 2006). Seeds of Arabidopsis 
tt7-4 and tt7-1 mutants displayed resistance to thermoinhibition and also germi-
nated faster at lower temperature than did wild-type seeds (Tamura et  al. 2006). 
The partial loss of thermoinhibition in tt7 mutants could be caused by reduced seed 
dormancy and/or reduced seed coat strength as a barrier to radicle emergence (De-
beaujon et al. 2000).

Several reduced-dormancy mutants (e.g., rdo1, rdo2, rdo3 and rdo4) have also 
exhibited strong resistance to thermoinhibition of germination although they are 
not deficient in ABA (Leon-Kloosterziel et al. 1996b; Tamura et al. 2006). Among 
these four reduced-dormancy mutants, rdo2 and rdo4 have been well characterized 
(Liu et al. 2011; Liu et al. 2007; Mortensen et al. 2011). RDO4 encodes HISTONE 
MONOUBIQUITINATION1 (HUB1), a C3HC4 RING finger protein while RDO2 
encodes a TFIIS transcription elongation factor that facilitates transcript elongation 
by assisting RNA polymerase II (Grasser et al. 2009; Liu et al. 2011; Liu et al. 2007; 
Mortensen et al. 2011). These proteins may also interact with DELAY OF GERMI-
NATION ( DOG) genes identified from the Cape Verde Islands (Cvi) accession of 
Arabidopsis that require extended after-ripening to alleviate dormancy (Alonso-
Blanco et al. 2003; Bentsink et al. 2006). Genetic analysis showed that HUB1-2 is 
epistatic to DOG3 because seeds containing hub1-2 and Cvi-DOG3 were non-dor-
mant, while the near-isogenic line with wild-type HUB1 is very dormant (Liu et al. 
2007). The expression of NCED9 was dramatically reduced in freshly harvested 
hub1-2 mutant seeds compared to the wild-type seeds, possibly contributing to its 
resistance to thermoinhibition (Liu et al. 2007). In rdo2-1 and hub1-2 mutants, ex-
pression of the DOG1 gene also was significantly decreased, suggesting that DOG1 
might also be involved in thermoinhibition (Liu et al. 2007; Mortensen et al. 2011). 
This is supported by recent results from our lab, where silencing of LsDOG1 in a 
thermosensitive lettuce genotype resulted in loss of germination thermoinhibition 
at 35 °C (our unpublished data). Graeber et al. (2014) also reported that overexpres-
sion of DOG1 in Arabidopsis and Lepidium sativum lowered the maximum germi-
nation temperature. DOG1 may therefore be involved in the shifts in germination 
temperature sensitivity in response to the ambient temperature during seed develop-
ment or imbibition (Chiang et al. 2011; Kendall et al. 2011).

SOMNUS (SOM), a CCCH-type zinc finger protein, has been reported recently 
to regulate seed germination at high temperature (Lim et al. 2013). Seeds of som 
mutants germinate better than Arabidopsis wild-type seeds at high temperature in 
the dark. Further analysis showed that SOM expression is induced by high tempera-
ture, and this induction by high temperature requires ABI3 and DELLA proteins, 
which bind to the SOM promoter, although their enrichment on the promoter of 
SOM was not affected by high temperature. Overexpression of ABI5 also caused 
higher expression of SOM in the seeds imbibed at higher temperature compared 
to those imbibed at lower temperature. However, ABA synthesis and ABA content 
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were also lower in seeds of som mutants than in wild-type seeds, which could also 
contribute to the thermotolerance of germination, typical of the thermoresistance in 
other ABA-deficient mutants such as aba1, aba2 and nced9 (Kim et al. 2008; Lim 
et al. 2013; Tamura et al. 2006; Toh et al. 2008).

DOF AFFECTING GERMINATION 1 ( DAG1) has been reported to be a nega-
tive regulator of Arabidopsis seed germination (Papi et al. 2002). Mutation of DAG1 
improved seed germination at high temperature, particularly under salinity stress 
(Rizza et al. 2011). Loss of function in dag1 mutants caused increased expression 
of GA3ox1 and down-regulation of ABA1/ZEP, NCED6 and NCED9 (Gabriele et al. 
2010). In addition, dag1 mutant seeds have a more permeable testa than wild-type 
seeds, a characteristic typical of tt mutants that have reduced dormancy (Debeaujon 
et al. 2000; Papi et al. 2002).

Using a recombinant inbred line population derived from two cultivars of winter 
wheat, Lei et al. (2013) mapped temperature sensitivity of germination to the short 
arm of chromosome 3. This QTL ( QTsg.osu-3A) is also reported to regulate seed 
germination and dormancy in spring wheat (Nakamura et al. 2011). TaMFT-A1 (a 
homolog of MOTHER OF FT) and TFL1 ( Terminal Flower 1-like) genes 
co-localized with QPhs.ocs-3A. Although TaMFT-A1 expression in seeds was re-
sponsive to imbibition at high temperature, its effect on seed germination at high 
temperature was not significant in the RIL population (Lei et al. 2013).

Thermoinhibition can be considered to be a specific case of more general re-
sponses of plants to heat and/or dehydration stresses. Dehydration-responsive el-
ement binding (DREB)⁄C-repeat-binding factors regulate the expression of many 
stress-inducible genes and play critical roles in improving plant abiotic stress toler-
ance (Lata and Prasad 2011). CAP2 is a single AP2 domain-containing transcription 
activator from chickpea ( Cicer arietinum) that is similar to DREB2A in Arabidop-
sis; its overexpression in tobacco ( Nicotiana tabaccum) improved seed germina-
tion at high temperature (Shukla et al. 2009). Further analysis revealed that CAP2 
expression could be transiently induced by heat stress and could improve thermo-
tolerance in yeast, suggesting that the thermotolerance caused by overexpression of 
CAP2 could involve activation of heat shock proteins such as HSP70 (Shukla et al. 
2009).

Overexpression of a CODA gene encoding a choline oxidase that converts cho-
line to glycinebetaine led to accumulation of glycinebetaine in tomato and Arabi-
dopsis seeds, which increased germination under heat shock stress (Alia et al. 1998; 
Li et al. 2011). Further analysis showed that increased germination following heat 
shock could be due to the activation of HSP70 expression. However, all tomato 
seeds were treated first with high temperature then transferred to room temperature 
for the germination assay, and the germination percentage was not significantly 
improved under continuous high temperature (34 °C), so the role of heat shock pro-
teins in thermoinhibition of germination remains unclear. However, another group 
found that a nuclear-encoded chloroplast small heat shock protein from wheat 
(sHSP26) can regulate seed germination at high temperature (Chauhan et al. 2012). 
TaHSP26 was highly induced by heat stress and overexpression of TaHSP26 in 
Arabidopsis resulted in better germination and faster seedling growth at continuous 



231  Molecular and Hormonal Regulation of Thermoinhibition of Seed Germination

35 °C. Moreover, TaHSP26-overexpressing plants that were grown under constant 
35 °C produced viable seeds but the wild-type Arabidopsis plants could not. These 
results suggest that heat stress-responsive genes such as DREBs and HSPs might be 
involved in protecting seeds from the heat stress associated with thermoinhibition.

Perspective

ABA, especially de novo synthesized ABA, seems to be essential for thermoinhibi-
tion of seed germination. In particular, NCED9-like genes in Arabidopsis and their 
homologs in other species play a pivotal role in de novo ABA biosynthesis during 
thermoinhibition. However, how these genes are regulated by temperature is not 
fully understood. Further studies are needed on the cellular mechanisms and molec-
ular components that perceive temperature during seed imbibition and mediate the 
expression of NCED9-like genes (Franklin and Wigge 2014; Penfield 2008; Wigge 
2013). Other hormones, particularly GA and ethylene, can at least partially alleviate 
thermoinhibition, but direct connections among ABA, temperature and these path-
ways are not fully characterized. Expression of GA- and ethylene-related genes is 
in general oppositely regulated in comparison with ABA-related genes during seed 
imbibition, but whether this is in response to changes in ABA levels or action or to 
independent temperature sensitivity mechanisms remains to be definitively deter-
mined. Similarly, whether additional signaling compounds such as jasmonates and 
strigolactones act through these same pathways or distinct ones is of interest. Elu-
cidating this is not a trivial task, as expression of many genes increases when ger-
mination is triggered, but not all of these will be directly involved in regulating the 
initiation of germination per se. It is particularly difficult, but critical, to distinguish 
correlation from causality in such studies, as any gene whose expression increases 
soon after germination sensu stricto is completed will show a high correlation with 
germination percentages in bulk samples of seed populations, but such genes would 
not be associated with the causal mechanisms preventing or enabling the germina-
tion process to proceed. Precise attention to developmental timing and tissue lo-
calization in sample collection, such as for transcriptomic analyses, is essential to 
distinguish early regulatory events controlling germination from subsequent events 
associated with endosperm weakening and embryo growth. Mutants and manipula-
tion of expression (overexpression or silencing) have also been extremely useful in 
identifying and characterizing such regulatory relationships.

Another topic for future research would be the relationships among primary dor-
mancy, secondary dormancy and thermoinhibition. The gene expression and signal-
ing networks involved in regulating whether germination occurs are shared among 
these types of dormancy (Bewley et  al. 2013; Footitt et  al. 2013; Graeber et  al. 
2012; Huo et al. 2013; Toh et al. 2008), but specifically how they are distinguished 
as separate phenomena is unclear. In Arabidopsis, ABA-related and DOG1 genes 
are required for establishment of primary dormancy, and genetic analysis showed 
that the lack of either one results in reduced dormancy (Nakabayashi et al. 2012). 
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Loss of primary dormancy and down-regulation of DOG1 in rdo2 and rdo4 mutants 
are associated with seed thermoresistance, indicating a correspondence between 
primary dormancy and thermoinhibition. This is further supported by the effects of 
the environment during seed development on subsequent temperature sensitivity of 
germination (Chiang et al. 2011; Hayashi et al. 2008; Kendall et al. 2011; Kozarewa 
et al. 2006; Sung et al. 1998), which could implicate epigenetic mechanisms in the 
regulation of thermoinhibition (Nonogaki 2014). The ecological consequences of 
various types of dormancy are the same: seeds do not germinate at a particular time 
or environmental condition, yet remain capable of doing so at a later time or when 
environmental conditions change. Adaptation to an array of climates and ecological 
niches has resulted in a broad diversity of seed germination environmental sensitivi-
ties and behaviors (Baskin and Baskin 1998), and we must expect that a similarly 
wide array of genetic and physiological mechanisms are present, although they may 
converge on a common core of regulators controlling the developmental phase tran-
sition from dormancy to germination (Chiu et al. 2012; Donohue et al. 2010; Huang 
et al. 2013; Nonogaki 2010).
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Seeds Select the Habitat, Climate Space and Season  
in Which to Germinate by Sensing and Responding  
to the Soil Seed Bank Environment

Seeds are the mobile phase of the plants life cycle; vegetative development is sus-
pended as they transport the plants genetic complement through space and time. 
In most species this is possible because they can tolerate extreme desiccation and 
will survive for extended periods in the dry state. However, equally important in 
the natural world is their ability to exist in an imbibed dormant state, potentially 
for many years in the soil seed-bank (Finch-Savage and Leubner-Metzger 2006; 
Footitt et al. 2011). Thus, germination is delayed until they encounter an appropriate 
habitat, climate space and time of the year suitable for the resulting plant to sur-
vive, be competitive and reproduce. This allows multiple species to compete suc-
cessfully within species-rich natural communities (Baskin and Baskin 1998, 2006; 
Walck et al. 2011). During their time in the soil seed-bank seeds continually adjust 
their dormancy status by sensing and integrating a range of environmental signals. 
The signals related to slow seasonal change can be used for temporal sensing to 
determine the time of year. In response to these signals seeds alter their depth of 
dormancy and their sensitivity to other spatial environmental signals. These spatial 
signals indicate in a more immediate way that conditions are suitable for germina-
tion and so trigger the termination of dormancy and therefore induce germination. 
The response to each of these signals appears to remove successive blocks to ger-
mination. However, the process usually needs to be carried out in a set order for it 
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to work, that is, spatial signals are only effective if temporal sensing has enhanced 
sensitivity to them. Thus, a dormancy continuum is proposed that is driven in both 
directions by environmental signals, and when all layers are removed germination 
occurs (Finch-Savage and Leubner-Metzger 2006; Finch-Savage and Footitt 2012). 
In the annual dormancy cycle, if the correct spatial window does not occur sensitiv-
ity is lost and the temporal window will close for another year.

A wide range of signals have the potential to inform the seed about its envi-
ronment (Fig. 2.1). Temperature is the most important signal for temporal sensing 
(Probert 2000), whereas many signals can be used for spatial sensing to indicate 
beneficial and adverse conditions for germination, for example, depth in the soil 
(amplitude of diurnal temperature fluctuation, oxygen, water), soil disturbance 
(light, oxygen), and vegetation gaps (nitrate, light quality, the degree of diurnal 
temperature fluctuation) (Baskin and Baskin 2006; Finch-Savage and Leubner-
Metzger 2006; Footitt et al. 2011, 2013, 2014). Response to these signals can result 
in dormancy cycling, which coupled with seed longevity represents a bet-hedging 
strategy for the short and long-term persistence of native/weed species within the 
soil seed-bank (Roberts 1964; Evans and Dennehy 2005; Walck et al. 2011; Footitt 
et al. 2014). Here we will consider the seeds response to temperature as a temporal 
signal and both light and nitrate as spatial signals.

The underlying sensing and resulting signaling mechanisms to the environment 
make seeds highly efficient in exploiting distinct habitats and climate spaces (Pons 

Fig. 2.1   Seeds as environmental sensors: Seeds respond to a wide range of environmental signals 
that can inform about the time of year (temporal signals) and the suitability of the current environ-
ment (spatial signals) for the completion of germination. Seeds are shed onto the soil and become 
incorporated and so they are also influenced by the physical nature of the soil and the organisms 
that inhabit it. The figure illustrates the range of environmental signals and how they can poten-
tially inform the seed

 



372  Regulation of Seed Dormancy Cycling in Seasonal Field Environments

1989; Saatkamp et al. 2011a, b; Walck et al. 2011). However, the precise response 
to any environmental signal differs between species, and between ecotypes within 
species, through adaptation to the habitat and climate space they inhabit. The result-
ing seasonal seed dormancy cycles and patterns of seedling emergence are well 
documented as a crucial component of the plants’ life cycle that contributes sig-
nificantly to plant fitness (Donohue 2002; Donohue et al. 2005; Huang et al. 2010; 
McNamara et al. 2011). It is already recognized that genetic diversity within a spe-
cies contributes to variation in dormancy and germination phenology; for example 
in European ecotypes of Arabidopsis (Schmuths et al. 2006; Chiang et al. 2011). As 
such, dormancy can be seen as contributing to the persistence of genetic diversity 
(Walck et al. 2011; Lennon and Jones 2011). It is essential that we develop a greater 
understanding of the mechanisms underlying dormancy cycling and response to 
environmental signals to determine the impact of future climate change.

Regulation of Dormancy in the Laboratory

Despite the obvious importance of dormancy cycling in the whole life cycle of 
plants, very little is known about its regulation at a molecular level. In contrast, a 
great deal is known about mechanisms that influence dormancy loss in short-term 
laboratory experiments, many of which involve the screening of mutants for altered 
dormancy and germination (Finch-Savage and Leubner-Metzger 2006; Baskin and 
Baskin 1998; Finkelstein et al. 2008; Nambara et al. 2010; Graeber et al. 2012). 
This laboratory-based work has largely used seeds from accessions of the model 
species Arabidopsis that naturally have limited dormancy. In addition, the seeds 
used for study have been produced under optimal conditions that tend to minimize 
dormancy (Kendall et al. 2011). Many of the genes identified have subsequently 
been found to be involved in the abscisic acid (ABA) and gibberellin (GA) me-
tabolism and signaling pathways (Kucera et al. 2005; Graeber et al. 2012). This has 
confirmed the central involvement of the ABA/GA balance hypothesis in the seeds 
ability to interpret the environment and thereby regulate dormancy and germination 
(Finch-Savage and Leubner-Metzger 2006; Kucera et al. 2005).

Most often, these genes/mechanisms have, for good scientific reasons, been 
considered in isolation, in constant and therefore simple environments. From these 
experiments, it is not obvious why so many different mechanisms are required and 
there is an apparent duplication of function and redundancy. However, in nature 
seeds have to operate in the complex and variable conditions of the soil seed bank 
that may require a complexity of subtle dormancy regulation to interpret these con-
ditions. How this complex set of mechanisms is employed by the seed in a coordi-
nated way to regulate dormancy cycling in variable field environments is little un-
derstood and until recently unstudied. Our approach to this has been to investigate 
the molecular ecophysiology of dormancy cycling in field soils using the inherently 
deeply dormant Arabidopsis ecotype Cape Verdi Isle (Cvi). A key feature in select-
ing Cvi is that it required exposure to light to remove the final layer of dormancy to 
allow completion of germination. This absolute requirement for light is important 
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experimentally as it allows the separate study of changes in dormancy from down-
stream changes resulting from the germination process. Our aim was to illustrate 
how molecular mechanisms identified as controlling dormancy in the laboratory 
could be seasonally coordinated in seeds buried in field soil to fulfill this process 
(Footitt et al. 2011). We approached this through gene expression studies targeted at 
key dormancy regulating genes identified in the laboratory studies described above. 
We had previously studied the relative importance of these genes for dormancy 
cycling using full genome arrays of laboratory derived samples that built up the 
components of dormancy cycling (Cadman et al. 2006; Finch-Savage et al. 2007). 
We built the study around the dynamic ABA/GA balance and the cohorts of genes 
that regulate their metabolism, perception, and sensitivity via signaling networks 
considered central to dormancy and the control of germination completion (radi-
cal emergence through the seed coat) (Finch-Savage and Leubner-Metzger 2006; 
Linkies et al. 2009; Nambara et al. 2010; Bassel et al. 2011; Morris et al. 2011; 
Dekkers et al. 2013). The genes studied (Table 2.1) and their involvement in the reg-
ulation of dormancy are summarized in Fig. 2.2 and the remainder of this section:

Table 2.1   Genes studied in the work reported
Gene ID Annotation
At5g57050 ABA INSENSITIVE2 (ABI2)
At3g24650 ABA INSENSITIVE3 (ABI3)
At2g40220 ABA INSENSITIVE4 (ABI4)
At2g36270 ABA INSENSITIVE5 (ABI5)
At2g29090 CYTOCHROME P450, FAMILY 707, SUBFAMILY A, POLYPEPTIDE 

2 (CYP707A2)
At5g45830 DELAY OF GERMINATION 1 (DOG1)
At1g30040 GIBBERELLIN 2-OXIDASE 2 (GA2OX2)
At1g15550 GIBBERELLIN 3 BETA-HYDROXYLASE 1 (GA3OX1)
At3g05120 GIBBERELLIN-INSENSITIVE DWARF1 (GID1A)
At1g18100 MOTHER OF FLOWERING TIME (MFT)
At3g24220 NINE-CIS-EPOXYCAROTENOID DIOXYGENASE6 (NCED6)
At1g12110 NITRATE TRANSPORTER 1 (NRT 1.1)
At2g20180 PHYTOCHROME INTERACTING FACTOR 3-LIKE 5 (PIL5)
At4g01026 ABSCISIC ACID RECEPTOR (PYL7)
At4g17870 ABSCISIC ACID RECEPTOR (PYR1)
At1g14920 RESTORATION ON GROWTH ON AMMONIA 2 (RGA2)
At3g03450 RGA-LIKE 2 (RGL2)
At5g08590 SNF1-RELATED PROTEIN KINASE 2.1 (SNRK 2.1)
At1g10940 SNF1-RELATED PROTEIN KINASE 2.4 (SNAR 2.4)
At4g36930 SPATULA (SPT)
At1g30270 CBL-INTERACTING PROTEIN KINASE 23 (CIPK23)
At1g09570 PHYTOCHROME A (PHYA)

W.E. Finch-Savage and S. Footitt
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Hormone Metabolism

GA  Active GA levels increase just before radical emergence, suggesting they play 
a key role in the regulation of germination. The key stages in GA metabolism are 
now well known (Ogawa et al. 2003). GA3-oxidase is the key enzyme responsible 
for the final step in GA biosynthesis to produce active GAs. Subsequent degradation 
is via GA2-oxidase.

ABA  Key genes responsible for ABA biosynthesis, degradation, and conjugation 
during Arabidopsis seed germination are also known and have been described (e.g., 
Penfield et  al. 2006; Okamoto et  al. 2006; Holdsworth et  al. 2008; Muller et  al. 
2006; Piskurewicz et al. 2008). NCEDs (Nine-cis-epoxycarotenoid dioxygenases) 
are the primary regulatory step in ABA synthesis and subsequent inactivation is by 
hydroxylation (CYP707) or through conjugation with sugars (Nambara et al. 2010). 
The balance of these processes regulates ABA content. The influence of other hor-

Fig. 2.2   Schematic model for the regulation of dormancy and germination by ABA and GA in 
response to the environment in Arabidopsis ecotype Cvi: According to this model ambient envi-
ronmental signals (e.g., temperature, light and nitrate) affect the ABA/GA balance and the sensi-
tivity to these hormones. ABA synthesis and signaling and GA catabolism dominate the induction 
and deepening of the dormant state, whereas GA synthesis and signaling and ABA catabolism 
dominate the relief of dormancy and the transition to germination. In the model, when induction 
or relief are induced by appropriate environmental signals the pathways indicated in red dominate. 
Change in the depth of dormancy in response to temporal signals alters the requirements for germi-
nation (sensitivity to spatial signals, that is, the germination environment); when these signals are 
perceived in the correct order, all levels of dormancy are removed and germination will proceed 
to completion. (Model is adapted from Finch-Savage and Leubner-Metzger 2006 and Footitt et al. 
2011. Background description to these genes is given in the text)
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mones, such as ethylene (Linkies et al. 2009), can be significant in the regulation 
of dormancy and germination, but in general their influence operates through the 
ABA/GA balance.

Hormone Signaling

Hormone signaling, through repression and de-repression, is a key component of 
the interacting networks regulating germination (Holdsworth et al. 2008; Kucera 
et al. 2005). It is now thought that on the ABA side of the balance, the ABA re-
ceptors PYR/PYL/RCAR bind to ABA to remove the repression of responses to 
the hormone by PP2cs (Protein phosphatase 2C; Cutler et al. 2010; Nambara et al. 
2010). Removal of PP2c repression allows downstream signaling via SnRK2s to 
ABRE (ABA-response element) binding transcription factors (ABI3, ABI4, ABI5). 
On the other side of this balance, DELLA proteins (RGL2, RGA2) repress GA 
responses and therefore germination potential (Sun and Gubler 2004). DELLAs 
are degraded to remove this repression on forming a complex with the GA receptor 
GID1 in the presence of GA (Hartweck 2008).

Environmental Signals and Upstream Regulation

As described above, a diverse range of environmental signals, principally tempera-
ture and light, influences these hormone-signaling pathways. Key components of the 
interaction between these environmental signals and GA are the two phytochrome-
interacting bHLH transcription factors, PIL5 and SPT. These repress germination 
potential, in the dark and at low temperature, respectively. PIL5 represses cell wall 
modifying genes, GA3ox1 and CYP707A2, and enhances GA2ox1, NCED6, and 
DELLA expression, while SPT represses GA3ox1 expression (Penfield et al. 2005; 
Ho et  al. 2009). In turn, PIL5 and SPT are inactivated by DELLAs (RGL2 and 
RGA2) (Penfield et  al. 2005). PIF (phytochrome interacting factor) proteins are 
released when the GID protein–GA complex binds DELLA proteins to target their 
degradation by the proteosome (Daviere et al. 2008).

Delay of germination 1 (DOG1) is a key regulator of dormancy (Bentsink et al. 
2006) and is also closely linked to the impact of temperature on dormancy status 
(Footitt et al. 2013 etc.) and is thought to alter sensitivity to ABA (Teng et al. 2008). 
Similarly, mother of flowering time (MFT) is a proposed ABA-induced negative 
regulator of ABA signaling and is thought to operate as the convergence point of 
ABA and GA signaling pathways (Xi et al. 2010). Nakamura et al. 2011 reports that 
MFT expression is regulated in response to temperature and seems to transmit tem-
perature signals to a downstream temperature-signaling cascade to regulate depth 
of dormancy.

Nitrate is also an important environmental signal in the soil seed bank. Seed 
dormancy can be released by nitrate in Arabidopsis, but it is not clear whether ni-
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trate acts per se on seed germination or through the production of N-related signals 
(Alboresi et al. 2005). However, nitrate accelerates the decrease in ABA prior to 
completion of germination (Ali-Rachedi et al. 2004) via induction of the catabolic 
ABA gene CYP707A2 (Matakiadis et al. 2009).

We have argued (Footitt et al. 2013) that the response of seeds to nitrate in the 
soil seed bank appears to act via CIPK23 phosphorylation/dephosphorylation of 
NRT1.1 and the response to light acts via PHYA. PHYA targets ABRE containing 
promoters and could be involved in the ABA signaling response (Chen et al. 2014).

Regulation of Dormancy Cycling in the Field  
Soil Seed Bank

The Arabidopsis ecotype Cvi exhibits the life cycle of a winter annual, by germinat-
ing in autumn and overwintering as a seedling rosette to produce dormant seeds in 
late spring that use the warmth of summer to relieve dormancy. Seeds that do not get 
exposed to environmental conditions that remove the final layer of dormancy and 
therefore induce germination completion enter a dormancy cycle and over winter 
as a seed. We studied the seeds’ response to the soil seed bank conditions following 
sowing in late spring (May; Footitt et al. 2014) and autumn (October; Footitt et al. 
2011, 2013). Seeds from the same harvest were used for both sowings and these 
were processed and stored at − 80 °C to minimize physiological change. The seeds 
were buried under the soil surface in mesh bags and exhumed at intervals (methods 
described in Footitt et al. 2011) for both physiological analysis and measurement of 
gene expression by quantitative PCR or Nanostring technology (Footitt et al. 2011, 
2013, 2014). Seed samples for the latter were exhumed and prepared in the dark.

Seeds that were sown in spring at their natural time of shedding entered a shal-
low dormancy cycle dominated by spatial sensing that adjusted germination poten-
tial to the maximum when soil environment was most favorable for germination 
and seedling emergence upon soil disturbance (Footitt et al. 2014). This behavior 
differed subtly from that of seeds sown in autumn and overwintered in the soil seed 
bank (Footitt et al. 2011, 2013) and this difference spreads the period of potential 
germination in the seed population (existing seed bank and newly dispersed). As 
soil temperature declined in autumn, seeds denied conditions required to remove 
all layers of dormancy and therefore germination completion (e.g., light) entered 
deep dormancy and the process of dormancy cycling. These spring-sown seeds then 
become part of the persistent seed bank. Seeds that were sown in autumn represent 
this cohort of the soil seed population and it is the behavior of these seeds we de-
scribe below.

Seed behavior was monitored over a complete year following sowing, and 
throughout soil temperature and moisture content at sowing depth were monitored. 
A clear seasonal temperature pattern was recorded (Fig. 2.3a) with temperature de-
clining in winter, rising in spring, peaking in summer, and then declining toward 
autumn. The depth of seed dormancy, estimated as the afterripening time required 
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to achieve 50 % germination at 20 °C (AR50), was negatively correlated (P < 0.001) 
with this temperature pattern (Fig. 2.3a). The depth of dormancy, which was already 
significant, rose sharply in the imbibed seeds following sowing as temperature de-
creased going into winter and then declined equally quickly in spring. Interestingly, 
AR50 declined from more than 150 days to less than 50 days in less than one month 
in the moist warming soils. By mid-July seeds required only exposure to light to re-
move the final layer of dormancy allowing seeds to proceed to germination comple-
tion (radicle emergence). Germination potential, measured by exposing exhumed 
seed to light, reached a peak in all temperatures tested at this time (Fig. 2.3f). Con-
sequently, in a parallel experiment where seeds sown in the surface layer of soil 
were disturbed regularly, there was a flush of seedling emergence in early August 
following a period of germination and pre-emergence seedling growth (Fig. 2.3f).

Over this annual cycle we followed the expression of the genes described above 
to shed light on the regulation of dormancy cycling and the deployment of dor-
mancy mechanisms identified in the laboratory. Figures 2.3b–e illustrates the pat-
terns of expression we found in key genes. Both DOG1 and MFT had expression 
patterns that were, like depth of dormancy, negatively (P < 0.001) correlated with 
soil temperature (Fig.  2.3b). DOG1 is not directly associated with ABA, but is 
altered by environmental conditions (Chiang et al. 2011) and may enhance ABA 
sensitivity (Teng et  al. 2008). ABA concentration is linked to dormancy level in 
Cvi (Al-Rachedi et al. 2004), but we did not find a positive relationship between 
increasing AR50 and ABA concentration. Indeed, ABA concentration increased 
with AR50 to c. 50 days, but then reached a plateau as AR50 continued to increase 
(Footitt et al. 2011). In contrast, DOG1 expression had a positive relationship with 
AR50 up to the highest recorded AR50 of c. 200 days. Footitt et al. (2011) sug-
gested that ABA concentration is important to the control of dormancy as seen in the 
laboratory, but as deep dormancy is induced in the field, DOG1 expression may be 
the dominant factor enhancing ABA sensitivity. They also suggest that MFT, as an 
ABA-induced germination repressor (Nakamura et al. 2011), also functions in this 
aspect of dormancy regulation.

On the other side of the hormone balance, the expression pattern of GA3ox re-
pressors SPT and PIL5 was positively correlated with temperature and therefore 
negatively correlated with depth of dormancy, but this correlation was only signifi-
cant for SPT (P <  0.01; Fig. 2.3c). Their expression tended to peak when germina-
tion potential was highest. Similarly, expression of the DELLA genes RGA2 and 
RGL2 was low over winter (both negatively correlated with temperature (P < 0.01)) 
and increased to a peak as dormancy was lowest (P < 0.01) and germination poten-
tial peaked (Fig. 2.3d). At first sight, this coincidence of high germination potential 
and peak expression of germination repressors appears counterintuitive. However, 
it must be remembered that these seeds are still dormant in the soil and germination 
must not occur until they are exposed to the correct spatial signal (e.g., light) to in-
dicate soil disturbance/absence of plant competition. Nevertheless, on exposure to 
light the response must be rapid so that germination completion and seedling emer-
gence can take place while conditions are suitable. Thus, in winter, deep dormancy 
determined by sensitivity to ABA prevents any response to light. In contrast, during 
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summer when shallow dormancy results from GA synthesis and signaling repres-
sion, seeds are sensitive to light. In the latter case, exposure to light dramatically 
enhances expression of GA3ox (Cadman et al. 2006), resulting in synthesis of GA 
that binds to DELLAs removing repression of GA signaling. A temporal separation 
of ABA- and GA-related dormancy mechanisms is revealed, which allows accurate 
timing of germination completion through dormancy cycling in a seasonal envi-
ronment. Throughout this cycle, the expression of other genes related to hormone 
synthesis and signaling were consistent with the operation of the hormone balance 
described in Fig. 2.2 (Footitt et al. 2011, 2013, 2014).

Temporal sensing, therefore, facilitates the completion of germination to occur at 
the optimum time of year. However, as discussed above this should only take place 
if environmental conditions are suitable as indicated by a range of spatial signals 
(Fig. 2.1) of which light and nitrate have received most attention and are potentially 
the most important (discussed in Footitt et al. 2013). The response to temporal (sea-
sonal) signals is, therefore, to alter sensitivity to these spatial signals. Footitt et al. 
(2013) argue that the response to nitrate appears to act via CIPK23 phosphorylation/
dephosphorylation of NRT1.1. NRT1.1 is a duel affinity nitrate transporter with 
the low- or high-affinity function dependent upon the phosphorylation status of 
threonine-101 (Ho et al. 2009) and is considered to be a nutrient transceptor (duel 
nutrient transport/signaling function; Gojon et al. 2011). Potentially the signaling 
and transport function of NRT1.1 may be uncoupled through the action of CIPK23 
to reduce sensitivity to nitrate and enhance dormancy (Footitt et al. 2013). They 
further argue from dormancy-associated expression patterns (Cadman et al. 2006; 
Finch-Savage et al. 2007) that the response to light is determined via PHYA. PHYA 
expression was negatively correlated with GA3ox1 expression (Footitt et al. 2013) 
consistent with the reports of reduced GA3ox1 expression and GA levels when 
PHYA is overexpressed (Jordan et al. 1995; Foo et al. 2006). Expression patterns 
of PHYA and CIPK23 were similar being higher in winter, lower in summer, and 
reaching a minimum in July when germination potential peaked (Fig. 2.3e, f). Thus, 
in the field when this temporal and spatial sensing overlapped with ambient envi-
ronmental conditions, dormancy was removed and seeds progressed to germination 
completion and seedling emergence.

In this work, we were able to show the temporal coordination of the major signal-
ing networks identified in the laboratory that regulate seed dormancy in an ecologi-
cal context in the field. This highlighted that seeds in the seed bank are capable of 
adjusting the depth of dormancy through temporal sensing (identifying the correct 
season and climate space for emergence) and spatial sensing (identifying signals 
indicating suitable conditions to terminate dormancy and complete germination). 
Dormancy and the expression of dormancy-related genes were highly sensitive to 
the soil environment, and molecular and physiological changes could be equated 
to changes in sensitivity to soil temperature history, nitrate, light, and gibberellins. 
This illustrates dormancy as a continuum with layers of dormancy being progres-
sively removed by environmental signals until only light is required, in the absence 
of which seeds remain dormant and enter into another dormancy cycle as the sea-
sons change (Footitt et al. 2011, 2013, 2014; Finch-Savage and Footitt 2012).

W.E. Finch-Savage and S. Footitt
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Introduction

During the yearly rotation of the Earth around the sun, the earth’s spin axis is 
tilted with respect to its orbital plane. This is what causes the seasons. When the 
earth’s axis points toward the sun, it is summer for that hemisphere. When the 
earth’s axis points away, winter can be expected, producing variation in photo-
period and creating different environmental seasons. This predictable pattern of 
photoperiodic variation is a strong cue directing the growth and development of 
plants. It is strongest for plants growing at temperate to boreal climes but also 
affects those at tropical latitudes (Thomas and Vince-Prue 1997; Borchert et al. 
2005). In order to coordinate their metabolism and physiology optimally with the 
photoperiodic variation in the environment, many species, from bacteria to hu-
mans, have evolved internal timers which predict regular changes in environmen-
tal conditions (Nagel and Kay 2012). Timers with a self-sustained and tempera-
ture-compensated rhythm very close to the 24 h of a solar day are termed “circa-
dian”, from the Latin circa dies meaning “about a day”. Such circadian timers or 
clocks are crucial if an organism is to be able to predict regular, daily changes in 
their environment as well as seasonal ones (Ouyang et al. 1998; Green et al. 2002; 
Dodd et al. 2005; Edgar et al. 2012).

Seasonal variations in light and temperature are strong cues directing growth 
and development of plants, particularly those perennials growing in temperate and 
boreal regions where woody plants must become dormant to survive the freezing 
temperatures of winter. Dormancy is defined as “the inability to initiate growth 
from meristems (and other organs and cells with the capacity to resume growth) 
under favorable conditions” (Rohde and Bhalerao 2007). These authors further de-
fined the release from dormancy as the restoration of the capacity for growth and 
completion of their development to meristems and meristem-derived organ. Trees 
need to actively and accurately coordinate their periods of dormancy with the sea-
sonal changes in their environment.

Our work has focused on understanding the circadian clock and its importance 
for the growth of trees in both daily and seasonal contexts. This chapter contains 
an update on the current model of the plant clock in an annual, thale cress ( Arabi-
dopsis thaliana), provides an overview of recent work on the clocks in perennial 
plants and its involvement in their annual growth cycles and discusses how clocks 
help trees withstand cold and freezing temperatures. Moreover, we give our view 
on areas where future work on the circadian clock is required to gain insight into 
the life history of a tree.
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The Circadian Clock

The Clock System in Arabidopsis

A simplified way to view the clock system is to divide it into inputs, oscillator 
(clock), and outputs (McWatters and Devlin 2011). Light and temperature cues re-
ceived by dedicated receptors set the phase of the central, self-sustained oscilla-
tor. The oscillator governs the rhythm and phases of downstream gene expression, 
which in turn controls diverse metabolic and physiological processes (reviewed by 
Salomé and McClung (2004)). The oscillatory rhythm is temperature-compensated, 
meaning it is buffered against temperature variation across the physiological range 
(12–27 °C) (Edwards 2006; Gould et al. 2006). The oscillator is built up from inter-
connected transcription–translation feedback loops (TTFL), simplified as central, 
morning, and evening loops, which together form a clock system controlling growth 
and development. This plant circadian system has been elucidated mainly by stud-
ies using the model annual plant Arabidopsis ( Arabidopsis thaliana) (reviewed by 
McWatters and Devlin (2011); Nagel and Kay (2012); Staiger et al. (2013)).

The central clock loop of the Arabidopsis clock is made up by two Myb-tran-
scription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE 
ELONGATED HYPOCOTYL (LHY). Their expression peaks at dawn and repress-
es expression of the dusk-phased TIMING OF CAB EXPRESSION 1 ( TOC1) gene 
(Wang and Tobin 1998; Strayer et al. 2000; Alabadí et al. 2002; Perales and Mas 
2007). TOC1, in turn, represses the expression of CCA1 and LHY (Gendron et al. 
2012; Huang et al. 2012). TOC1 belongs to the PSEUDO-RESPONSE REGULA-
TOR ( PRR) gene family, whose genes are known to have important clock functions. 
They are expressed sequentially 2–3 h apart, starting with PRR9 just after dawn, fol-
lowed by PRR7, PRR5, PRR3 and ending at dusk with PRR1/TOC1 (Strayer et al. 
2000; Matsushika et al. 2000; Eriksson et al. 2003; Kaczorowski and Quail 2003; 
Yamamoto et al. 2003; Michael et al. 2003; Farré et al. 2005; Salomé and McClung 
2005; Nakamichi et al. 2005; Para et al. 2007; Ito et al. 2009).

PRR9 and PRR7 form a so-called morning loop, which feeds back to pro-
mote the expression of their repressors CCA1 and LHY (Matsushika et al. 2000; 
Farré et al. 2005; Locke et al. 2006; Zeilinger et al. 2006). Another gene which is 
repressed by CCA1 and LHY is CCA1 HIKING EXPEDITION ( CHE); the CHE 
protein in turn inhibits the expression of CCA1 (Pruneda-Paz et al. 2009). CHE ex-
pression is further modulated by TOC1, allowing the expression of CCA1 and LHY 
to be derepressed during the night.

The evening-phased loop is formed from TOC1, GIGANTEA ( GI), EARLY 
FLOWERING3 (ELF3), ELF4, and PHYTOCLOCK 1 (PCL1)/LUX ARRHYTHMO 
( LUX); ELF3, ELF4, and PCL1/LUX form the Evening Complex (EC) (Fowler 
et al. 1999; Onai and Ishiura 2005; Kolmos et al. 2009; Helfer et al. 2011; Pokhilko 
et al. 2012; Herrero et al. 2012; Nusinow et al. 2012). The EC represses the expres-
sion of PRR9 via direct binding of LUX to the PRR9 promoter, while LUX also 
represses its own expression (Helfer et al. 2011).
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CCA1- and LHY-like Myb-transcription factor members of the REVEILLE ( RVE) 
gene family (Carre 2002) have been recently characterized as positive regulators of 
clock gene expression in Arabidopsis (Fogelmark and Troein 2014). In particular, 
RVE4 and RVE8 act with the NIGHT LIGHT-INDUCIBLE AND CLOCK-REGU-
LATED1 (LNK1) and LNK2 proteins to promote the expression of PRR5 and TOC1 
(Farinas and Mas 2011; Rawat et al. 2011; Hsu et al. 2013; Rugnone et al. 2013; 
Xie et al. 2014) but they may also promote PRR9, GI, LUX, and ELF4 expression 
(Fogelmark and Troein 2014).

Clock regulation occurs at several levels beyond that of gene expression, with 
posttranslational regulation being of major importance for controlling protein lev-
els, activity, and localization (Imaizumi 2010). Importantly, TOC1 protein levels are 
inversely proportional to the speed of the oscillator and are regulated by ZEITLUPE 
(ZTL), an F-box protein which, together with GI, controls TOC1 degradation (Mas 
et al. 2003a, b; Kim et al. 2007). ZTL also modulates clock gene expression through 
interaction with the transcription factor EARLY BIRD (EBI), creating a link be-
tween transcriptional regulation and the ZTL-mediated ubiquitination pathway (Jo-
hansson et al. 2011). GI is further involved in the spatial–temporal regulation of 
TOC1 (Kim et al. 2013), with TOC1 import to the nucleus also regulated by PRR5-
dependent phosphorylation (Fujiwara et al. 2008; Wang et al. 2010). A schematic 
view of the circadian TTFL in Arabidopsis is shown in Fig. 3.1a.

In addition to these TTFL, a metabolic cyclic adenosine diphosphate ribose 
(cADPR) and cytosolic-free calcium ([Ca2+]cyt) stress signaling network partici-
pates in circadian oscillator function (Dodd et al. 2007). Peroxiredoxin was recently 
used as a circadian biomarker to show oxidation rhythms in metabolism, revealing 
that circadian rhythms persist in the absence of transcription from bacteria to mam-
mals (O’Neill et al. 2011; Edgar et al. 2012).

Epigenetic regulation of the circadian clock, involving, for example, methyla-
tion of cytosine in DNA, has also been described. Hypoacetylated histones promote 
closed chromatin states (Kuo and Allis 1998; Finnegan and Kovac 2000), while his-
tone hyperacetylation is associated with relaxed chromatin fibers (Grunstein 1997; 
Eberharter and Becker 2002). Histone methylation and acetylation are dynamic 
epigenetic marks necessary for the expression of circadian genes in Arabidopsis 
(Perales and Mas 2007; Malapeira et al. 2012). Acetylation and methylation of clock 
gene promoters are governed by the nicotine adenine dinucleotide (NAD +) energy 
status of the cell and regulate gene expression (Malapeira et al. 2012). Transcription 
of TOC1 is preceded by the acetylation of histone 3 (H3ac); however, the presence 
of CCA1 appears to impede H3 acetylation at the TOC1 promoter, resulting in a de-
crease in TOC1 mRNA abundance (Perales and Mas 2007). Morning expression of 
LHY, PRR9, CCA1, and PRR7 is correlated with acetylation of lysine 56 of histone 
H3 (H3K56ac) (Malapeira et al. 2012). Analyses of the dynamics of histone marks 
suggest the sequential enrichment of different histone modifications, including 
acetylation and methylation, with a pattern that is in tune with the rhythmic expres-
sion of the central circadian oscillator in Arabidopsis (Malapeira et al. 2012). There 
is thus an intimate integration between the clock and metabolism which involves 
several levels of regulation, including epigenetic regulation.
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Fig. 3.1   Basic structure of the transcriptional feedback loops between key components of the 
circadian clock in Arabidopsis thaliana and selected perennial species, including clock functions 
revealed in Eucalyptus grandis. a Homologous components in species described in this chapter. 
b Delayed fluorescence in detached Eucalyptus grandis leaves on Murashige and Skoog medium 
without additional sugars reveals a free-running endogenous rhythm of 23.1 h ± 0.3 (SEM; n = 8) 
under continuous light (LL; 20 µmolm−2s−1 blue and red light) after entrainment to 18 h light: 6 h 
dark. White and gray bars represent subjective daylight and night, respectively
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The Circadian Clock in Perennials

The first clock genes identified in a woody perennial species were CsLHY and Cs-
TOC1 from chestnut, Castanea sativa (Ramos et  al. 2005). These genes, homo-
logues of essential components of the Arabidopsis circadian oscillator, were ob-
served to cycle daily during vegetative growth as well as under continuous light 
(LL) conditions (Ramos et al. 2005). Later, homologues of PRR9, PRR7, and PRR5 
were identified in C. sativa (Ibáñez et al. 2008). The C. sativa PRRs all show a cir-
cadian pattern of expression, peaking after CsLHY in the order CsPRR9 → CsPRR7 
→ CsPRR5 → CsTOC1, in a similar serial manner to that seen in Arabidopsis 
(Ibáñez et al. 2008); see Fig. 3.1a for an outline of characterized clock components 
in perennial species, including C. sativa, compared with Arabidopsis.

The core clock genes CCA1 and LHY show a high degree of conservation be-
tween plant species. Phylogenetic studies in Populus sp. revealed two LHY genes, 
LHY1 and LHY2, which were created through duplication events (Takata et al. 2009). 
Interestingly, the duplication of LHY in Populus occurred after the divergence 
between Arabidopsis and Populus with AtCCA1 and AtLHY arising from the an-
cestor subsequently (Takata et  al. 2009). Although genes of the PRR family are 
conserved between many angiosperm species, seven copies are found in Populus: 
two copies of each of PRR9, PRR7, and PRR5 and one of PRR1/TOC1 while the 
PRR3 gene is missing (Takata et al. 2010); likewise, a cDNA library screening ap-
proach did not find PRR3 in C. sativa (Ibáñez et al. 2008). Noticeably, the TOC1 
homologue in Populus has an earlier phase, relative to its Arabidopsis homologue 
(Ibáñez et al. 2010; Liu et al. 2013; Moreno-Cortés, unpublished results).

Homologues of clock genes have been identified in grapevine ( Vitis vinifera), 
another deciduous perennial species, but VvLHY and VvTOC1 expression do 
not display any circadian oscillations in berry tissues (Carbonell-Bejerano et  al. 
2014). However, other clock genes, including VvPRR7, VvELF3, and the Myb-
transcription factor VvRVE1 (a LHY homologue), do oscillate in the same organ 
(Carbonell-Bejerano et al. 2014); see Fig. 3.1a. Phylogenetic studies of clock genes 
and examination of their expression in perennial, vegetative tissues under various 
photoperiods, as well as in constant conditions, are needed to better understand the 
clock in grapevine.

Expression of genes involved in the circadian clock has been profiled in xy-
lem from species of Eucalyptus using microarray and qPCR analysis (Fig. 3.1a). 
In Eucalyptus tereticornis, EtCCA1 is expressed at dawn and EtZTL at zeit-
geber time (ZT) 9 while, in Eucalyptus grandis, EgGI peaks from midday to 
dusk (Solomon et al. 2010). We detected a strong endogenous rhythm of about 
23 h under LL for the E. grandis clock using the delayed fluorescence method 
(Gould et al. 2009), as shown in Fig. 3.1b. Transcriptional networks and expres-
sion profiles are also conserved in the tropical species Carica papaya, although 
many clock gene families are smaller (Zdepski et  al. 2008). The ability of the 
circadian clock to anticipate daily changes in tropical regions, where there is only 
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subtle variation in photoperiods across the year, is consistent with the importance 
and accuracy of circadian timing.

Investigations of the clock in gymnosperms have recently begun. Homologues 
of CCA1, GI, ZTL, PRR7, and TOC1 have been described in Norway spruce ( Pi-
cea abies) (Karlgren et al. 2013). Complementation studies introducing PaCCA1, 
PaGI, and PaZTL in the corresponding mutated Arabidopsis counterparts suggest 
their protein functions are at least partly conserved between Arabidopsis and P. ab-
ies. Rhythmicity of clock-associated gene expression appears, however, to decrease 
rapidly under constant light in P. abies, suggesting light regulation of overt rhythms 
in the endogenous clocks of gymnosperms may differ from angiosperm clock sys-
tems (Gyllenstrand et al. 2014; overview in Fig. 3.1a.

The diurnally and circadianly regulated transcriptomes of Arabidopsis, rice 
( Oryza sativa, ssp.), and Populus trichocarpa show a high degree of conservation 
of rhythmicity and phase (Filichkin et al. 2011), with major conservation of cis-
elements associated with timing. This underlines the similarities of circadian clock 
systems and their regulation across species (Zdepski et al. 2008; Takata et al. 2010; 
Filichkin et al. 2011).

Dormancy Regulation

Trees have acquired the capacity to time their periods of dormancy accurately by 
using their circadian clock to detect the critical daylength (CDL; the photoperiod 
which induces growth cessation and bud set). Later, when the season advances, the 
drop in temperature leads to a greater tolerance to cold and to leaf fall in deciduous 
trees (Welling and Palva 2006). The exit from dormancy is often a temperature-
dependent process. A genetically determined amount of chilling hours are required 
to break dormancy, and further long photoperiod (also referred to as LD) and/or 
higher temperatures are needed to activate growth and bud burst (Rohde and Bhal-
erao 2007; Allona et al. 2008; Cooke et al. 2012).

Photoperiodic Induction of Growth Cessation and Bud Set

Light and temperature are the main cues entraining the circadian clock and synchro-
nizing a plant to the time of the day and the season of the year. Photic input to the 
plant clock is via a variety of photoreceptors capable of detecting and distinguishing 
between different wavelengths of light.

Blue light is perceived by phototropins (phot1 and phot2), ZTL-family mem-
bers (ZTL, FLAVIN-BINDING KELCH REPEAT F-BOX1 (FKF1), LOV KELCH 
PROTEIN2 (LKP2)) and cryptocromes (cry1 and cry2), which are also responsible 
for the detection of UV-A light (review in Banerjee and Batschauer (2005)). Al-
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though none of these receptors have been studied in detail in trees, they have been 
identified in the genomes of Populus sp. (Hall et al. 2011; McKown et al. 2013; 
McKown et al. 2014) and willow ( Salix sp.) (Ghelardini et al. 2014), and phenologi-
cal and local adaptation traits have been linked to the genes encoding them. In Ara-
bidopsis, cry1, cry2, and FKF1 are involved in the activation of flowering, firstly 
through multiple pathways, including those associated with circadian clock genes, 
which stabilize and activate the transcription factor CONSTANS (CO) (Sawa et al. 
2007; Liu et al. 2008b; Song et al. 2012, 2013) and, secondly, by transcriptional 
activation of FLOWERING LOCUS T ( FT) (Liu et al. 2008a). UV RESISTANCE 
LOCUS 8 (UVR8), a receptor for UV-B light, has been recently identified in Ara-
bidopsis (Kami et al. 2010; Heijde and Ulm 2013; Heijde et al. 2013) and is also 
associated with abiotic stress responses.

Phytochromes (phys), which detect red and far-red light, are the most widely 
studied plant photoreceptors (Quail 2002). In Populus, there are one PHYA and two 
PHYB loci (Howe et al. 1998) which are involved in many phenological processes. 
Transgenic trees ( Populus tremula × P. tremuloides (Ptt)) overexpressing oat PHYA 
are either insensitive to short day (SD) treatment or having a CDL of less than 6 h, 
resulting in stable auxin (indole acetic acid; IAA) and gibberellin (GA) levels under 
such conditions (Olsen et  al. 1997). In addition, oat PHYA overexpressing trees 
are smaller than WT ones although treatment with end-of-day far-red light causes 
reversion of this phenotype (Olsen et al. 1997; Olsen and Junttila 2002). Moreover, 
PttPHYA down-regulated transgenic trees show early growth cessation and bud set, 
as well as altered expression of the circadian clock-associated genes PttFKF1 and 
PttCO (Kozarewa et al. 2010).

The first assay of PHYB expression levels in Populus recently showed that 
phyB1 and phyB2 have different but overlapping functions in shade avoidance 
(Karve et al. 2012). Nevertheless, there are several quantitative trait loci (QTL) and 
association mapping studies attributing a phenological role to PHYB (Frewen et al. 
2000; García-Gil et al. 2003; Ingvarsson et al. 2006; McKown et al. 2014; Källman 
et al. 2014).

Terminal buds growth arrest is the first event in the process of initiation of win-
ter dormancy in response to shortening photoperiods (Wareing 1956; Nitsch 1957; 
Rohde and Bhalerao 2007). Transcriptional and metabolomic studies have dem-
onstrated that changes in photoperiod have major consequences for plants at the 
transcriptional and metabolomic levels (Schrader et al. 2004; Druart et al. 2007; 
Ruttink et al. 2007; Hoffman et al. 2010). A study of different P. tremula populations 
originating along a latitudinal cline found the same module that controls the photo-
periodic flowering pathway in Arabidopsis (CO/FT) is likely to be responsible for 
growth cessation in Populus (Böhlenius et al. 2006). This is an external coincidence 
model whereby CO, which is destabilized in darkness, can activate FT transcription 
(and hence initiate flowering) only during the daytime in Arabidopsis (reviewed by 
Kobayashi and Weigel (2007)). As a result, plants will flower only when the peak 
of CO expression coincides with light. In northern accessions of Populus, the maxi-
mum peak of CO expression occurs later in the day than in southern ones, and thus, 
as day light hours get shorter, this peak falls in darkness, making the CO protein 
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unstable and unable to activate transcription of FT. Absence of FT causes growth 
cessation and bud set of the tree (Böhlenius et al. 2006; Hsu et al. 2011).

All these processes occur in leaves, where the light signal is perceived; FT, how-
ever, moves through the phloem to the apical meristem. It has been proposed that the 
presence of FT activates LIKE-APETALA1 (LAP1), an orthologue of the Arabidop-
sis floral meristem identity gene APETALA1 (AP1), in the apical meristem (Azeez 
et al. 2014). In addition, AINTEGUMENTA-LIKE 1 ( AIL1) expression is increased 
following inducible activation of LAP1 (Azeez et al. 2014), suggesting transcrip-
tional control of AIL1 by LAP1. This entire pathway, together with the upregulation 
of CYCLIN D3:2 ( CYCD3:2) and CYCD6:1 in an AIL1 overexpressing background 
(Karlberg et  al. 2011), provides insights into the molecular mechanism from SD 
photo-reception to growth arrest by the inactivation of cell cycle regulators.

However, overexpression of CO1 and CO2 in Populus has no effect on bud set 
(Hsu et al. 2012), suggesting a conserved mechanism of posttranslational stabiliza-
tion of CO by FKF1 similar to that observed in Arabidopsis (Song et al. 2012). In 
Arabidopsis, CO transcription is repressed by CYCLIN DOF FACTOR (CDF1), 
CDF2, and CDF3 (Imaizumi et al. 2005). In LD, these proteins are removed from 
the CO promoter and degraded by the GI-FKF1 complex (Sawa et al. 2007), al-
lowing a double CO mRNA peak. In SD, FKF1 and GI expression do not coincide 
perfectly and thus the complex is less abundant, eliminating the first, daytime peak 
of CO mRNA. This pattern was observed in antisense-PttPHYA trees (Kozarewa 
et al. 2010), in which the expression of FKF1 and FT was altered and there was only 
a single peak of CO expression in the dark period. This suggests CO was not trans-
lated into protein during the day and thus was unavailable to activate FT. This may 
explain the premature entrance into dormancy of PttPHYA antisense plants (Koza-
rewa et al. 2010). Another explanation for the absence of an effect of CO1 and CO2 
overexpression on Populus phenology could be because, as in Arabidopsis, CO is 
degraded during the day before its natural first peak by the RING finger—contain-
ing E3 ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE 
GENES1 (HOS1) (Lazaro et al. 2012); this mechanism would also assign a narrow 
window for the expression of this important protein.

Knockdown of PttLHY1 and PttLHY2 in hybrid aspen drastically delays bud set 
(Ibáñez et al. 2010). In Arabidopsis, LHY and CCA1 repress GI (Imaizumi 2010). 
Moreover, in Arabidopsis GI interacts with both FT promoter and some of its repres-
sors (SHORT VEGETATIVE PHASE (SVP), TEMPRANILLO (TEM1) and TEM2) 
in vivo, leading to upregulation of FT expression without a change in CO transcrip-
tion (Sawa and Kay 2011). If this mechanism is conserved in Populus, it would 
explain the altered dormancy phenotype observed in PttLHY knockdown trees.

Several studies suggest the role of the circadian clock for environmental adapta-
tion in tree species. Circadian clock genes in species of Populus have been shown 
to be the targets of natural selection, as they have elevated protein evolutionary rates 
(Ma et al. 2010; Hall et al. 2011). Moreover, many phenological traits in P. tremula 
and P. trichocarpa associate strongly with genes related to the photoperiod pathway 
and circadian clock (Hall et al. 2011; McKown et al. 2014).
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The Clock’s Response to Cold, Cold Acclimation and Freezing 
Tolerance

The Clock’s Response to Cold

So far we have focused on the role of the circadian clock in the photoperiodic regu-
lation of winter dormancy. Since the clock acts as the link between the reception 
of environmental cues and physiological responses (Harmer 2009), it is interesting 
to examine how the oscillator responds to temperature changes. In recent years, 
several studies using Arabidopsis as experimental system have focused on the 
clock’s response to cold (Dong et  al. 2011; James et  al. 2012; Seo et  al. 2012; 
Kwon et al. 2014; Chow et al. 2014); very little is known, however, about the rela-
tionship between temperature and the circadian clock in perennials.

CsLHY and CsTOC1 expression in C. sativa is disrupted in response to cold, 
leading to constitutive and arrhythmic activation of these genes (Ramos et al. 2005). 
Interestingly, these changes result entirely from low temperature and are indepen-
dent of the photoperiod. Similar changes are also observed in the expression of 
other genes making up the central oscillator, including CsPRR9, CsPRR7, and 
CsPRR5 (Ibáñez et al. 2008). Such disruption is also observed in Populus sp., sug-
gesting that cold alteration of the circadian clock is a common feature of woody 
plants (Ibáñez et al. 2010; Ramos-Sánchez et al. unpublished results). In addition, 
exposure of C. sativa seedlings to cold temperatures in the morning (when CsLHY 
is high and CsTOC1 low) and in the afternoon (when CsLHY is low and CsTOC1 
high) resulted in both cases in upregulation of these genes (Ramos et al. 2005), sug-
gesting transcriptional activation.

There are, however, several unanswered questions arising from such studies, 
including why gene expression of proteins which act as repressors of each other 
in Arabidopsis (such as LHY and TOC1 (Alabadi et al. 2001; Huang et al. 2012)) 
may be found at high levels at the same time in woody plants (Ramos et al. 2005), 
or how CsPRR9, CsPRR7, CsPRR5, and CsTOC1 are all present simultaneously 
in C. sativa during the period of cold acclimation and winter (Ramos et al. 2005; 
Ibáñez et al. 2008). Taken together, these studies indicate there is, in perennials, 

Fig. 3.2   Gene expression rhythms of TOC1 ( blue lines) and LHY ( red lines) under field condi-
tions. a Plantlets of Arabidopsis thaliana harvested in December in Madrid, Spain. b Stem mate-
rial (two-year-old branches) from Castanea sativa plants collected under the same conditions as in 
a. Samples were collected at 3-h intervals. The experiment was performed as in Ramos et al. 2005. 
The white and black bars represent daylight and night, respectively
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a widespread control of the disruption of the circadian clock caused by cold, pos-
sibly including layers of regulation other than the transcriptional ones. It is very 
likely that disruption of the circadian clock has an important biological meaning 
in perennials.

Similar experiments were carried out in Arabidopsis (Bieniawska et al. 2008). 
Plants were transferred from 20 to 4 °C and subsequently harvested every 4 h over 
the first, second, seventh, and fourteenth days under either LD or LL. Analysis of 
expression of circadian clock genes, circadianly regulated clock output genes and 
cold-induced genes revealed a variety of responses. Importantly, circadian clock 
genes and their outputs retained their rhythmic expression, albeit with lower am-
plitude than the controls, in the presence of light:dark cycles, with the exception 
of LUX whose expression in LD at 4 °C did not change relative to that of controls 
in LD at 21 °C. However, under LL at 4 °C, all rhythmic expression of circadi-
an clock genes and their outputs was lost, resulting in constant high expression, 
with the sole exception of CATALASE 3 ( CAT3), which showed very low ampli-
tude (Bieniawska et al. 2008). All cold-induced genes lost their rhythmicity on the 
first day of exposure to cold although rhytmic expression of C-REPEAT BINDING 
FACTORS ( CBFs) recovered next day with lower amplitude than seen in controls, 
while expression of COLD-REGULATED ( COR) genes remained disrupted. Under 
conditions of LL at 4 °C, cold-induced genes showed high and arrhythmic levels 
of expression (Bieniawska et al. 2008). Metabolites showed similar alterations in 
expression and rhythmicity in response to cold: 80 % of diurnally regulated metabo-
lites retain rhythmicity under LD conditions but lost this rhythm in constant light 
conditions (Espinoza et al. 2010).

Such data suggest circadian clock function in Arabidopsis also alters at 4 °C but, 
unlike in C. sativa or Populus, the photoperiod signal is sufficient to maintain os-
cillations. Noticeably, the clock disruption observed in C. sativa during the winter 
is not seen in Arabidopsis (Fig. 3.2a and 3.2b) even during the exposure of both 
species to the same low temperatures and short daylengths of December in Madrid, 
Spain (Ramos et al. 2005; Ibáñez et al. 2008; Ramos PhD thesis 2006).

Similar changes in level of expression and rhythmicity have been found for some 
circadian clock output genes in C. sativa (Berrocal-Lobo et al. 2011; Moreno-Cor-
tés et al. 2012). One of these is DUAL SPECIFICITY PROTEIN PHOSPHATASE 4 
( DSP4), which encodes a protein phosphatase involved in starch degradation (Niit-
tylä et al. 2006; Kerk et al. 2006). The catabolism of starch is important at the begin-
ning of autumn in order to raise the levels of cryoprotective compounds, primarily 
sucrose, trehalose, raffinose, and stachyose (Sauter 1988; Rinne et al. 1994; Witt 
and Sauter 1995; Renaut et al. 2004). In this context, a GALACTINOL SYNTHASE 
protein (GolS1), which catalyzes the first step in the raffinose family oligosaccha-
ride (RFO) synthesis, has been associated with endodormancy in C. sativa and with 
seasonal mobilization of carbohydrates in Poplar (Unda et al. 2012; Ibáñez et al. 
2013). The role of C. sativa DSP4 on dormancy was analyzed under conditions of 
natural growth, revealing its transcript had a circadian rhythm during summer but 
was disrupted in winter. This response was also observed at the functional level of  
the protein (Berrocal-Lobo et  al. 2011), indicating a potential role for DSP4 in  
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starch degradation and cold acclimation following low-temperature exposure during 
the activity—dormancy transition (Berrocal-Lobo et al. 2011). Such data imply that 
clock disruption in the cold plays an important role in protecting trees in winter.

The basic mechanisms of clock function in plants and animals are similar, al-
though their oscillator genes are unrelated. The circadian clock of the ruin lizard 
( Podarcis sicula), a hibernating ectothermal vertebrate, is also disrupted in response 
to cold (Chiara Magnone et al. 2005; Vallone et al. 2007), in a similar manner to 
clock genes in C. sativa and Populus. Interruptions to the molecular circadian clock 
in the European hamster ( Cricetus cricetus) during hibernation have also been de-
scribed (Revel et al. 2007). Such similarities between evolutionary distinct organ-
isms suggest “stopping” the circadian clock in response to cold could be part of a 
general adaptive strategy enabling organisms which undergo dormancy or hiberna-
tion to survive the winter.

Cold Acclimation and Freezing Tolerance

Herbaceous plants and perennials appear to share common strategies, at least in 
response to cold in the daily context when proper acclimation is essential for 
survival of bouts of cold weather. Cold acclimation is the process by which ex-
posure to a period of low temperature allows a plant to survive a subsequent 
period of freezing. As elucidated by studies in Arabidopsis, it relies on regulated 
expression of CBF1, CBF2, and CBF3 (Liu et  al. 1998; Gilmour et  al. 1998; 
Thomashow 1999), a group of transcription factors belonging to APETALA2/
ETHYLENE-RESPONSIVE FACTOR (AP2/ERF) family of proteins (Agarwal 
et al. 2006). CBFs (also referred as DEHYDRATION RESPONSIVE ELEMENT 
BINDING PROTEINS (DREBs)) confer freezing tolerance by interacting with 
cis-acting elements in the promoters of cold-induced genes in Arabidopsis (Sa-
kuma et  al. 2002; Navarro et  al. 2009; Lee and Thomashow 2012). A similar 
acclimation response occurs in deciduous trees (Benedict et  al. 2006; Welling 
and Palva 2008; Navarro et al. 2009; Eriksson and Webb 2011; Fennell 2014), 
although trees also show a SD induction of CBFs which enhances winter hardi-
ness and enables them to cope with the cold (Christersson 1978; Jarvis et al. 1996; 
Richard et al. 2000; Li et al. 2002; Schrader et al. 2004; Puhakainen et al. 2004). 
In Arabidopsis thaliana, Populus tremula x P. tremuloides, Eucalyptus gunnii, 
and Prunus persica, CBF gene expression is induced about 4 h after dawn (ZT4) 
(Dodd et al. 2006; Navarro et al. 2009; Ibáñez et al. 2010; Artlip et al. 2013), al-
lowing plants to respond more strongly in the morning than at other times. This 
process is referred to as “gating” of the cold response and is primed by the cir-
cadian clock (Fowler et al. 2005; Artlip et al. 2013). Populus trees with reduced 
levels of PttTOC1 show high and arrhythmic increases in the expression of Pt-
tLHY1, PttLHY2, and PttCBF1 in response to cold, and also have increased freez-
ing tolerance (Ibáñez et al. 2010). Conversely, the loss of PttLHY1 and PttLHY2 
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expression leads to a loss of PttCBF1 expression and reduced freezing tolerance 
(Ibáñez et al. 2010), implying expression of PttLHY1 and PttLHY2 is necessary 
for the induction of PttCBF1.

Recent work in Arabidopsis has revealed that there is a reciprocal CBF regula-
tion of circadian clock components through the interaction between the PCL1/LUX 
promoter and CBF1 (Chow et al. 2014). CBF1 is responsible for maintaining oscil-
lations of the LUX transcript at 4 °C in light:dark cycles (as noted in “ The Clock’s 
Response to Cold” section, LUX is the only circadian gene to retain its original 
rhythm in those conditions (Bieniawska et al. 2008)). In addition, freezing tolerance 
of the lux mutant is impaired following cold acclimation (Chow et al. 2014), as is 
that of the cca1–11;lhy–21 double mutant (Dong et  al. 2011). This positions the 
clock in the cold acclimation pathway. Moreover, Arabidopsis plants overexpress-
ing CBF1 have alterations in the expression of other clock components, which in 
turn feeds back on CBF1 expression (Chow et al. 2014). Some of these changes in 
gene expression increase CBF expression and, perhaps, sugar levels (Bieniawska 
et al. 2008; Nakamichi et al. 2009). In fact, in Arabidopsis, PRR7 appears crucial 
for sugar sensing (Haydon et al. 2013) and PRR9, PRR7, and PRR5 are all involved 
in sugar metabolism (Nakamichi et al. 2009). This may be an important part of the 
control of cryoprotective sugars. Several carbohydrates are diurnally regulated in 
Populus, with some being increased in SD compared to LD, allowing the first stage 
of cold acclimation (Hoffman et al. 2010).

Chilling Requirements

In perennials, a period of accumulative chilling is often required to release buds 
from the state of endodormancy. This chilling requirement is similar to the vernal-
ization requirement for flowering in many Arabidopsis accessions and other annual 
plants. In Arabidopsis, the MADS-box protein FLOWERING LOCUS C (FLC) 
is the central regulator of vernalization. FLC represses flowering, and the level of 
FLC transcript (and protein) reduces over the period of vernalization, eventually 
allowing flowering of late-flowering ecotypes (Sheldon et al. 2000). Two different 
MADS-box genes, VERNALIZATION 1 ( VRN1) and VRN2, regulate flowering time 
in cereals. While VRN1 is induced by vernalization and promotes flowering, VRN2, 
like FLC, represses FT until the period of vernalization is complete (reviewed in 
Trevaskis et  al. 2007). In perennials, DORMANCY ASSOCIATED MADS-BOX 
( DAM) genes seem to be regulators of bud dormancy, as suggested by studies of 
Euphorbia esula and peach ( Prunus persica) (Li et al. 2009; Horvath et al. 2010; 
Jiménez et al. 2010). Interestingly, similar epigenetic regulation of these MADS-
box genes has been described in Arabidopsis, barley, and peach (Bastow et al. 2004; 
Oliver et al. 2009; Leida et al. 2012; Kim and Sung 2013). Such diverse studies 
highlight the importance of MADS-box genes in regulating vernalization-depen-
dent flowering and the central role of epigenetic regulation of these genes, and 
indicate their likely importance in ending bud dormancy in perennials.
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Over the last decade, several transcriptomic analyses in Populus have led to the 
identification of genes involved in the epigenetic regulation of gene expression and 
of genes differentially expressed during active growth and winter dormancy. The 
entrance into dormancy of the vascular cambium enforces a global change in the 
transcriptome of Populus (Schrader et al. 2004). The homologue of FERTILIZA-
TION INDEPENDENT ENDOSPERM ( FIE) was strongly upregulated during cam-
bial dormancy in P. tremula. FIE acts as part of the Polycomb Repressive Complex 
2 (PRC2), which is involved in establishing the chromatin modification H3 lysine 
27 trimethylation (H3K27me3). This epigenetic mark is associated with stable gene 
silencing. Interestingly, FIE and PICKLE (PKL, encode an ATP-dependent chro-
matin remodeling protein associated with HK27me3) are both rapidly upregulated 
following the perception of SD (Ruttink et al. 2007). Karlberg et al. (2010) reported 
that Populus tremula × P. tremuloides GENERAL CONTROL NON-REPRESSIBLE 
5 LIKE (GCN5-like), an histone acetyl transferase was upregulated in the apex after 
short day treatment. Also, after five weeks of short days, two putative HISTONE 
DEACETYLASES (HDACs), HDA14 and HDA08, the histone lysine methyltrans-
ferase SET DOMAIN PROTEIN 20 (SDG20) and a gene involved in histone ubiq-
uitination, HISTONE MONO-UBIQUITINATION 2 (HUB2), were all up-regulated, 
while a putative DEMETER-LIKE (DML) gene was down-regulated over the same 
period. The authors proposed that the down-regulation of this later gene could in-
crease the level of DNA methylation and hence the chromatin compaction and gene 
silencing, after SD perception. The analysis of dormant Populus stem tissues found 
that many genes involved in chromatin remodeling were upregulated in winter com-
pared to actively growing (summer) tissues (Ko et al. 2011). Moreover, transcrip-
tomic analysis of C. sativa buds revealed higher expression of CsHUB2 and Cs-
GCN5L in dormant buds (Santamaria et al. 2011) compared to growing ones. Fur-
ther genetic approaches should be performed in order to understand the connections 
between the circadian clock, chilling requirement and epigenetic modifications.

Future Perspectives

Winter dormancy is a process during which plants pass through different physi-
ological states. Both the rate of dormancy development and depth of dormancy 
vary with the environmental signals inducing the process, especially photoperiod 
and temperature (Allona et al. 2008). The network of connections between light, 
temperature and the clock’s interactions with CBF regulation provides a means of 
better understanding the regulation of cold acclimation, cryoprotection, and how 
and why both daylength and temperature induce cold acclimation and dormancy.

Strong similarities exist between circadian clock systems and their regulation 
across species, but the question of whether there is a specific control governing 
the disruption by cold of the circadian clock in perennials, and whether this in-
cludes layers of regulation other than transcription, requires further investigation 
of the circadian clock function in trees. The recent publication of the full genome 
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sequences of Eucalyptus grandis, Picea abies, and Picea glauca will increase our 
knowledge of circadian regulation in a nondormant tree and allow further character-
ization of the gymnosperm circadian clock, respectively (Birol et al. 2013; Nystedt 
et al. 2014; Myburg et al. 2014).

Studies by Kumar and Wigge (2010) in Arabidopsis suggest that temperature-
regulated chromatin remodeling could act as a “thermometer” and that this might 
be important in clock regulation of growth activation in perennials. Subsequent 
examination and quantification of global epigenetic changes led to a picture of 
epigenetic regulation of winter dormancy of woody plants. C. sativa apical buds 
show higher levels of methylation of genomic DNA during bud set than bud burst 
while the opposite is seen for the AcH4 epigenetic mark (Santamaría et al. 2009). 
These contrasting patterns between epigenetic marks associated with relaxed and 
condensed chromatin have also been described in Populus stem tissue, where xylem 
and phloem cells show higher levels of DNA methylation and lower global levels 
of acetylated Lys8 in histone H4 during winter dormancy compared to the active 
growth season (Conde et  al. 2013). The mechanism for establishing the chilling 
requirement and regulating growth activation has not yet been elucidated; doing so 
remains an important task if, as expected, it involves the clock as well as epigenetic 
regulation (Ríos et al. 2014).

Regulation of dormancy and, more especially, the control of growth activation 
at bud burst are of the greatest importance in maintaining productivity and building 
biomass in perennial deciduous crops, fruit- and nut-producing trees and in forest 
trees (Mohamed et al. 2010; Yordanov et al. 2014). We have merely begun to under-
stand some aspects of timing, as the metabolic aspects of circadian regulation and 
its integration with the transcriptional oscillator and coupled epigenetic regulation 
are yet to be elucidated. Doing so will build a more complete picture of the timing 
of growth in both the annual and perennial contexts. Further knowledge of the regu-
lation of the circadian clock during dormancy, cold acclimation and freezing toler-
ance will give us the means to develop crop plants better adapted to new and chang-
ing climates and thus increasing productivity of food and other plant materials.
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Introduction

Plants encounter a wide range of environmental insults both seasonally and daily 
during annual growth cycles. Unfavorable conditions such as periodic freezing tem-
perature in winter, high temperature in summer, and seasonal drought and flood-
ing, pose great challenges to growth, development, and reproduction of both annual 
and perennial crops. During evolution, plants adapted to different climates have 
developed various strategies to cope with short or long periods of stress. Peren-
nial plants by virtue of their continued growth over many years in various climates 
have adapted to cyclic periods of environmental stress by going dormant (Rohde 
and Bhalerao 2007). Plants cease their growth or development and enter a dormant 
state when encountering harsh conditions and resume growth or development when 
more favorable conditions return (Viémont and Crabbé 2000; Arora et al. 2003). 
For different stress contexts, three categories of dormancy, ecodormancy, endodor-
mancy, and paradormancy, are exhibited by plants (Lang et al. 1987). Ecodormancy 
is a growth arrest induced by temporary environmental stresses but this arrest is 
released once the stressful condition is over as exemplified by a high temperature-
induced summer growth arrest. Endodormancy is the deep dormant state induced by 
periodic seasonal stress conditions, which unlike ecodormancy is not immediately 
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reversible but requires that specific conditions (e.g., chilling requirement) are met. 
Paradormancy in most perennials, imposed by apical dominance, occurs only in lat-
eral buds during the growing season and can be reversed by decapitation (Hillman 
1984). However, in some perennials, lateral as well as underground adventitious 
buds are also subjected to paradormancy under these conditions (Anderson et al. 
2005; Chao et al. 2006). These different types of dormancy are often inter-related 
and their interplay is important during endodormancy onset and maintenance. For 
example, during dormancy onset in peach the apical shoot meristems go through an 
ecodormant state (e.g., growth cessation and bud set) before entering the endodor-
mancy stage, while the lateral growing meristems in the paradormant state directly 
enter endodormancy (Arora et al. 2003). For simplicity, we will exclusively discuss 
endodormancy in this review referring to it as dormancy from now on.

Plants grown in different climates evolved diverse dormancy strategies to cope 
with distinct stresses. In temperate regions, winter freezing is a major threat for plant 
survival and plants accordingly develop winter dormancy (Arora et al. 2003; Hor-
vath et al. 2003; Rohde and Bhalerao 2007) while plants grown in a Mediterranean 
climate evolve summer dormancy to survive the hot temperatures and extreme dry 
conditions of summer and fall (Ofir 1986; Ofir and Kigel 1999, 2007). Similarly, 
many plant species grown in tropical regions with a long dry season go dormant to 
endure the drought stress challenges (Borchert and Rivera 2001). Developmental 
programming such as fruit ripening in some pear can also induce, albeit less evident, 
a dormancy-like condition that has value in ensuring plants successfully reproduce in 
a special form or survive in particular environmental conditions (EI-Sharkawy et al. 
2003, 2004; Villalobos-Acuńa and Mitcham 2008). Although dormancy occurs in 
meristem cells, it does not occur in all meristems depending on plant growth habit, 
life cycle, and architectural features. For example, the root meristem in woody plants 
and the aerial shoot meristems in perennial herbaceous leafy spurge ( Euphorbia es-
ula) are not subjected to periodic dormancy regulation (Rinne et al. 2011; Anderson 
et al. 2005; Chao et al. 2006). Evidently, plants have evolved diverse dormancy bio-
types or phenotypes reliant on intricate regulatory mechanisms.

Winter dormancy is of economic importance, and also relatively well studied. 
In temperate species, winter dormancy is induced by cold temperature or short 
photoperiod or both in the fall, and released by the cumulated effects of chilling 
temperatures ranging above 0 °C to 10 °C (Arora et al. 2003; Horvath et al. 2003; 
Rohde and Bhalerao 2007). If the chilling requirement is not met, the dormant buds 
cannot or very poorly break dormancy, which could lead to non-uniform flowering 
that compromises fruit productivity. Thus, chilling requirement is obligatory and 
cannot be naturally circumvented. This phenomenon is analogous to vernalization 
in winter annuals that require chilling for flower induction (Amasino 2004). In fact, 
both dormancy and vernalization share, albeit acting on different biological pro-
cesses, similar growth/developmental arrest and release principles enabling plants 
to survive the adverse winter conditions (Arora et al. 2003; Horvath et al. 2003; 
Amasino 2004; Rohde and Bhalerao 2007). In both cases, the length of the effective 
chilling period in winter directly orchestrates dormancy release and vernalization 
programming (Purvis and Gregory 1952; Erez et al. 1979b). Thus, elucidating the 
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chilling profile, properties, action spectrum, and biological role is key to decipher-
ing the regulatory mechanism/s that underlie dormancy release as well as elucidat-
ing how plants adapt to extreme short or long chilling periods in different climates. 
Vernalization and its regulation have been intensively investigated in the winter 
annual Arabidopsis (Michaels and Amasino 1999; Sheldon et  al. 1999) and also 
in wheat to a lesser degree (Hemming et al. 2008; Shimada et al. 2009). In these 
plants, different regulatory pathways arrest the floral developmental program prior 
to winter onset and prolonged exposure to chilling temperatures progressively re-
leases this arrest, enabling plants to competently respond to favorable environmen-
tal stimuli that induce flowering in the spring (Fig.  4.1). This chilling-mediated 
regulation occurs at an epigenetic level in both species (Bastow et al. 2004; Sung 
and Amasino 2004a; Oliver et al. 2009). Because of the obvious parallels between 
vernalization and chilling requirement, the knowledge and progress made in under-
standing the regulation of the vernalization response should be directly translatable 
to dormancy research.

Diverse Dormancy Phenotypes Evolved in Plants

Winter Dormancy and its Regulation

Two environmental cues, photoperiod and cold temperature, serve as seasonal sig-
nals to induce dormancy in temperate perennials in the fall. Plants cease vegetative 
growth and set bud to enter the ecodormant state in early fall as an initial response, 
followed by transition into the endodormant state in later fall or early winter (Aro-
ra et al. 2003). Plants differentially respond to environmental cues. For example, 
peach and poplar ( Populus tremula) respond to both shortening photoperiod and 
declining temperature while apple ( Malus domestica) and pear ( Pyrus communis) 
respond only to cold temperature (Nitsch 1957; Davis 2002; Song et  al. 2010). 
However, once dormancy is established, plants exhibit similar behavior and remain 
in a resting state unless exposed to prolonged chilling (0–10oC), which is obligatory 
for dormancy release (Arora et al. 2003). The chilling requirement, which appears 
to be determined by genetic factors, varies from species to species or from cultivar 
to cultivar, even within the same species (Arora et al. 2003). In addition to chilling, 
other factors infrequently appear to also regulate dormancy release. For example, 
chilling treatment is not enough to break dormancy in beech ( Fagus sylvatica) but 
additional exposure to long photoperiod (> 13 h) after chilling is fulfilled is required 
for dormancy break (Heide 1993). A short-term freezing treatment during the chill-
ing period also promotes dormancy release in two birch species ( Betula pubescens 
and Betula pendula) (Rinne et al. 1997, 2001). Dehydration treatment of dormant 
underground adventitious buds of leafy spurge also accelerated dormancy break 
(Dogramaci et al. 2011). Even a short-term exposure (2–5 h) to high temperature 
(40–45oC) accelerates the break of dormant apple, peach, and poplar buds (Wang 



78 Z. Liu et al.

and Faust 1994; Wisniewski et al. 1994). This high temperature-mediated dormancy 
release appears to be stage-dependent because the buds at early and later dormant 
stages are prone to break while those in deeper dormant stages rarely do (Nee 1986; 
Shirazi 1992; Siller-Cepeda et al. 1992; Wisniewski et al. 1994).

Fig. 4.1   Floral regulatory pathways and their relevance to vernalization in winter annuals and 
dormancy in temperate perennials. Arabidopsis floral integrators, FT and SOC, interact with and 
activate floral meristem identity genes AP1, LFY and others that promote the transition from veg-
etative to floral meristem, and subsequently give rise to sepal, petal, stamen and carpel structures 
by interacting with floral organ identity genes AP3, AP1, PI, AG, SEPs and others. In autonomous 
flowering Arabidopsis (or summer Arabidopsis), long-day photoperiod and GA induce flower-
ing through the CO-FT and GA-SOC pathways, respectively. Low (5 °C to less than 23 °C) and 
high temperatures (> 23 °C) inhibit flowering through the SVP-FT and FVE-FLC-FT repressive 
pathways, respectively. Three vernalization and dormancy pathways characterized in Arabidop-
sis, wheat and peach and their relevance to floral regulatory pathways are highlighted. In Arabi-
dopsis, vernalization represses FLC constitutively through FRI in the FRI-FLC-FT pathway and 
induces flowering the following spring. In wheat, vernalization promotes flowering by releasing 
the PPD1-VRN3/FT pathway from repression by VRN2 that down-regulates VRN3/FT expression 
in fall, and also activates VRN1/AP1 that prior to winter, is repressed by VRT2 coding for an SVP-
like protein. In peach, short photoperiod and cold temperature in the fall up-regulate several DAMs 
coding for SVP-like proteins, concomitantly inducing dormancy, and chilling down-regulates the 
same DAMs, progressively releasing dormancy throughout winter or earlier spring. Flowering or 
growth activators are marked in orange (either circle or lines) while repressors are represented 
in black. Solid lines indicate either gene activation ( arrows) or repression ( T symbol ) in Arabi-
dopsis while dashed lines indicates the same gene interactions in wheat vernalization and peach 
dormancy pathways
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Summer Dormancy and Regulation

Many plants grown in regions with long dry and hot summers develop summer 
dormancy in order to avoid severe damage resulting from extreme water deficit, 
high temperature or both. Under the arid summer climate of southern California, 
a few species of perennial grasses (e.g., Poa scabrella, Poa bulbosa) become dor-
mant even when supplied with water throughout the dry summer (Laude 1953; Ofir 
and Kigel 2007). Similarly, perennial herbaceous plants originating in bi-seasonal 
Mediterranean climates with an active growing season during the mild, rainy win-
ter, and spring become dormant during the often long, hot, and dry summer and 
fall seasons. In contrast to winter dormancy species, long photoperiod and high 
temperatures in early summer induce plants to enter deep dormancy (Ofir and Kigel 
1999), and exposure to temperatures of 40oC for two months releases plants from 
dormancy (Ofir 1986). Thus, summer dormancy is distinct from winter dormancy 
in terms of the environmental inducing and releasing factors, and deals with differ-
ent stresses.

Drought Dormancy and Regulation

In tropical regions that lack conspicuous temperature fluctuation, there are no dras-
tic seasonal changes and resident plants are able to grow all year around. However, 
in many regions such as Guanacaste, Cost Rica, where the growing season alter-
nates with a long dry season that occurs from December to April, stem-succulent 
tree species develop dormancy-mediated water storage strategies to survive the ex-
tremely dry season. Trees that store a large quantity of water in a succulent stem 
during the growing season rapidly shed their leaves and enter a deep dormant state 
early in the dry season. The dormant but well-hydrated trees remain leafless for sev-
eral months, and neither irrigation nor abnormal dry-season rain induces bud break, 
indicating that dormancy entry and exit is regulated by factors other than mois-
ture conditions. Field and laboratory examination indicated that a subtle change 
in photoperiod appears to dictate the dormancy entry and exit process (Borchert 
and Rivera 2001). A photoperiod shorter than 12 h in December (early dry season) 
induces bud dormancy while a photoperiod of about 13 h in April (a few weeks 
before the major rains) triggers bud burst. Evidently, as short as a 1 h change of 
photoperiod orchestrates dormancy entry and exit. At low latitudes, where annual 
variation of daylight is less than 1 h, bud dormancy is induced and released by 
variations in photoperiod of less than 30 min (Borchert and Rivera 2001). Seasonal 
rainfall in the tropics is tightly linked with zenithal position of the sun. Declining 
and increasing photoperiod thus reflect the imminent end of the rainy and drought 
seasons, respectively. Hence, plants in tropical areas delicately exploit the subtle 
changes of photoperiod to regulate the growth to dormant transition for surviving 
the extreme dry season.
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Fruit ripening Dormancy and Regulation

Winter pear ( Pyrus communis L.) fruit-ripening arrest and resumption resembles 
the dormancy entry and exit process. Many pears, such as apple and peach, de-
velop and ripen continuously during summer through fall, and become edible at 
harvest. However, winter pear is an exception. Fruit is not fully ripe and edible 
at harvest, and it appears that the ripening program is arrested at an early stage as 
judged by lack of a buttery-juicy texture, a key feature of ripe pear fruit. Yet, the 
fruit, after storage at a chilling temperature for 1–2 months, immediately resumes 
ripening when transferred to ambient temperature becoming edible in a few days 
(Villalobos-Acuńa and Mitcham 2008). Biochemical and molecular studies dem-
onstrated that application of ethylene can substitute chilling treatment and restore 
fruit ripening suggesting that chilling treatment renders the under ripe fruit capable 
of producing ethylene, a key ripening promoting hormone, following the return to 
ambient conditions (EI-Sharkawy et al. 2003, 2004; Villalobos-Acuńa and Mitcham 
2008). Evidently ethylene synthesis or production is developmentally suppressed, 
leading to arrest of fruit ripening in fall while a long period of chilling treatment 
can attenuate or erase such suppression. Thus in winter pear, ripening regulation has 
parallels to winter dormancy except that the fruit developmental program appears 
to trigger ripening arrest.

Dormancy Occurrence and Manifestation

Dormancy involves multiple and complex phenomenon, manifested in different 
forms or appearances that occur in the annual growth life cycle. Dormancy primar-
ily happens in meristems to slow or arrest vegetative and/or reproductive growth in 
order to survive adverse stresses. It can also take place in seeds to control life cycle 
initiation in response to changes in environmental conditions. However, when and 
where dormancy occurs and to what extent tissues or organs are subjected to dor-
mancy primarily depend on plant growth habit, structure and growth cycle as well 
as the geo-climates where plants reside. Annual species, for example, complete their 
life cycle during favorable seasons and pass unfavorable seasons as seeds, whereas 
perennial plants that live for multiple life cycles survive unfavorable conditions by 
arresting meristem growth and form special protective structures (e.g., bud scales) 
that are far more tolerant to stresses than growing meristems (Arora et al. 2003; 
Rinne et al. 2011). Even within perennials, woody and herbaceous species exhibit 
distinct growth patterns and life cycles. Woody species such as apple that live for 
several decades have above-ground parts directly exposed to winter temperatures, 
and only the above-ground meristems (both vegetative and floral) undergo winter 
dormancy (Arora et al. 2003) while the under-ground meristem (e.g., root) enters 
temporary growth suppression but is not dormant in winter as demonstrated by a 
quick reversal of the suppressed root growth by warm ambient temperature rather 
than chilling temperature (Rinne et al. 2011). On the contrary, perennial herbaceous 
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species lose almost all the above-ground parts in winter or hot summer, and only the 
under-ground parts survive; therefore, dormancy happens in the under-ground meri-
stems. For example, underground adventitious buds (crown and root buds) of leafy 
spurge plants maintain paradormancy during active growth of the main aerial shoot, 
from early spring to late September, and generally enter endodormancy in Octo-
ber when the aerial parts of the plants have senesced or been killed by frost. The 
endodormant state is broken in November to early December and the underground 
adventitious buds transition to an ecodormant state; thus, sprouting is constrained 
by harsh environmental conditions until spring (Anderson et al. 2005; Chao et al. 
2006). Hence, woody and herbaceous perennials share distinct spatio-temporal dif-
ference of dormancy behaviors.

Formation of dormant organs is another type of dormancy response to environ-
mental stresses, which has been adopted by many geophyte species that initiate 
and develop special underground storage bulbs, tubers, corms, and rhizomes where 
the meristematic buds are embedded (Le Nard and De Hertogh 1993). In response 
to stress signals, bulbous plants switch their growth or development courses to 
initiate and form these bulbous organs that are considered concomitantly dormant 
organs during organ initiation. Bulbous storage organs and propagules remain dor-
mant during the stressful season before regrowth. Many plants (e.g., iris and tulip 
bulbs and freesia corms) that have adapted to extreme continental climates with 
very hot, dry summers, cold winters, and springs with brief rain showers, adopt 
summer dormancy while others such as Gladious hybridus, Lilium spp. that adapt 
to a typical temperate climate with cold, dry winters adopt winter dormancy (Phil-
lips and Rix 1989; Dole 2003). In general, winter dormancy in bulbous organs is 
broken by chilling and summer dormancy by heat (Ofir 1986; Rossi 1990; Dole 
2003). Although both types of dormancy are generally induced by temperature, 
photoperiod also appears to act as a dormancy inducer in a few geophyte species. 
For example, a day length of 11–12 h or less triggers tuberous root formation in 
Dahlia hybrids ( D. coccinea Cav. x D. pinnata Cav.), and the formed roots remain 
in dormancy unless exposed to chilling temperature for at least six weeks (Moser 
and Hess 1968).

Distinct dormancy behaviors of vegetative and floral buds in the same plant rep-
resent another feature of bulbous plants. The apical meristem in a mature tulip bulb 
is converted to a floral bud in summer, and high temperatures of summer imme-
diately drive the formed floral buds into dormancy while the lateral buds remain 
vegetative (Boonekamp et al. 1990; Saniewski et al. 2000). In fall and winter, chill-
ing temperatures release floral buds from dormancy while inducing a concomitant 
transformation of vegetative buds into dormant bulbs (Okubo 2000). Thus, two 
parallel but opposite dormancy responses occur in floral and vegetative buds: High 
temperature induces floral buds to enter dormancy and low temperature induces 
dormant floral buds to exit the dormant state, and vegetative buds enter the dormant 
state. Thus, bulbous species such as tulip have evolved sophisticated strategies en-
abling both sexual and asexual organs to survive the extremes of hot summers and 
cold winters.
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Chilling, A Dormancy Break and Biological Regulator

Chilling is a compulsory requirement for breaking winter dormancy and cannot be 
substituted or omitted. Although chilling temperatures (0–15 °C) are necessary to 
break dormancy or drive the vernalization process, only a narrow spectrum of low 
temperatures (5–7.2 °C) are most effective (Erez et al. 1979b; Arora et al. 2003). 
Evidently, chilling temperature is an active biological regulator rather than a stress 
signal.

Chilling releases cells from arrested growth and elongation. One obvious dor-
mancy feature is the lack of cell growth activity; thus, dormancy appears to arrest 
cell division by directly acting on the cell cycle checkpoint. For example, dormant 
potato tubers and terminal vegetative buds of woody perennials arrest at G1 phase 
of the cell cycle (Cottignies 1986; Campbell et al. 1996). Chilling releases this ar-
rest, enabling cells to resume normal growth. In contrast, dormant tulip flower buds 
arrest at the floral stem elongation stage (Coleman 1987; Le Nard and De Hertogh 
1993), and a chilling treatment of 0–9 °C for 10–12 weeks drives the arrested stems 
to slowly and progressively elongate through critical developmental stages, before 
major elongation can proceed in the following spring (Le Nard and De Hertogh 
1993). Thus, chilling in this case regulates cell elongation processes.

Chilling drives floral developmental programming during the winter period. 
For example, dormant peach floral buds appear to progressively complete their dif-
ferentiation and development throughout the chilling period as evidenced by ob-
servations that non-chilled peach floral buds remain almost undeveloped even at 
20–23 °C for a few months. However, the fully chilled buds undergo visible mor-
phological changes during the same period (Yamane et al. 2011b), suggesting that 
chilling stimulates the floral bud developmental programming. In fact, androecium/
stamens were found to slowly develop throughout the entire chilling period while 
the gynoecium went through clear differentiation in late winter or near the end of 
dormancy (Luna et al. 1991). At the cellular level, the archesporal cells and epi-
dermis, endothecium, middle layers, microsporangium walls and tapetum in the 
anther become distinct, followed by formation of the pollen mother cells that enter 
meiosis by later winter (Reinoso et  al. 2002a; Julian et  al. 2011). These results 
indicate that microsporogenesis and microgametogenesis occur during the chilling 
period, which are otherwise suppressed by warm temperature. Chilling effect on 
gynoecium/carpel development was also studied and a major developmental event 
occurs near the end of chilling period where two ovules form in the unicarpelar 
gynoecium, the site where sporogenesis and gametogenesis occur (Luna et al. 1990, 
1991, 1993). Meanwhile, vascular connections between floral primordia and branch 
wood are completed by late winter, another indicator of floral development. The 
role of chilling in female organ differentiation is further elaborated by a study of 
high-chill cherry cultivars grown in a warmer region (e.g., Shanghai, China) that 
provides about 80 % of the required chilling period for dormancy break. The cherry 
floral buds do not finish gynoecium development, with ovule formation severely 
impaired or abolished while sepal, petal and anthers develop normally and pollen 
grains are viable (Wang et al. 2004; Zhang et al. 2014). Thus, chilling strongly in-
fluences female organ development at critical developmental stages near the end of 
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the chilling period, and the female organ remains under-developed if buds at these 
stages do not experience sufficient chilling. Apparently chilling does not simply 
release growth arrest but plays a role as a critical regulator of floral development.

Chilling requirement varies not only among cultivars or species, but also within 
different tissues or organs of the same plant. It is known that peach cultivars origi-
nating from different geo-climates have a wide spectrum of chilling requirement, 
ranging from 100 chilling hours (CH) for cultivars grown in warm regions to 1500 
CH for those grown in regions with a long winter (Erez and Lavee 1971; Arora et al. 
2003). In the peach cultivar "Redskin," lateral leaf buds require 1200 CH while 
terminal leaf buds require less than 500 CH for bud break (Erez et al. 1979a). Com-
parison of the chilling requirements of terminal and lateral leaf and floral buds indi-
cated that terminal buds required the shortest chilling period followed by the lateral 
leaf buds, with the floral buds requiring the longest chilling period for dormancy 
break (Scalabrelli and Couvillon 1986). The same work also demonstrated that the 
lateral buds are most responsive to 7.2 °C chilling temperature while both floral and 
terminal buds are responsive to a relatively wide range of chilling temperatures 
(Scalabrelli and Couvillon 1986). Even within floral buds, stamens require a shorter 
chilling period than the gynoecium, as evidenced by cherry floral buds grown in a 
region where the winter provides only about 80 % of the required chilling. In this 
case, stamens produce 100 % viable pollen but the ovules are sterile or growth-
impaired (Wang et al. 2004; Zhang et al. 2014). The cause of this tissue-specific 
chilling requirement remains unknown but bud developmental status, course and 
speed during the dormancy/chilling period may play a role. Indeed, terminal vegeta-
tive buds are complete and well developed before entry into dormancy (Luna et al. 
1991) while development of dormant floral counterparts are far from complete but 
continue to proceed throughout the chilling period (Luna et al. 1990, 1991, 1993; 
Zhang et al. 2014). Conceivably, only floral buds that finish critical developmental 
stages in chilling conditions are capable of growth and flowering the following 
spring. Interestingly, in contrast to the terminal leaf buds, lateral leaf buds are not 
fully developed prior to chilling and this may be attributed to apical dominance 
suppression. This is consistent with the earlier observation that dormant lateral buds 
burst sooner or require fewer chilling hours when treated at high chilling tempera-
tures with daily alternation between 6 °C for 16 h and 15oC for 8 h compared to 
those at constant 4 °C (Erez et  al. 1979a). These results suggest that lateral buds 
develop faster at higher chilling temperatures than at lower ones. Given that active 
developmental programming occurs during the chilling period, chilling likely acts 
as a biological regulator rather than a simple "on and off" switch.

Vernalization/chilling accelerate the plant vegetative to floral meristem switch. 
Many winter annual (e.g., winter Arabidopsis, wheat) and biennial species (e.g., 
celery, carrot) require a long period of exposure to low, non-freezing temperature 
(0–10 °C) for flowering induction (Amasino 2004). In the case of winter annuals, 
vegetative rosettes develop in the fall that overwinter and then flower the follow-
ing spring to produce seed. However, winter annuals and biennials exhibit distinct 
differences in response to cold with the former responding to cold at all stages of 
development while the latter responds only at specific stages. Nevertheless, chilling 
during vernalization and chilling requirement for dormancy release act similarly as 
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biological regulators; in both cases, plants sense the duration of chilling temperature 
during fall and winter to determine when the meristem switch occurs (vernalization) 
or when dormancy begins or finishes (chilling requirement).

Chilling requirement exhibits an obligatory, slowly accruing time period. Chill-
ing specifically targets meristematic cells in a cell-autonomous manner. During 
vernalization, meristematic cells sense and perceive chilling, and start division and 
growth to form tissues that appear to be critical for floral induction in the following 
spring (Metzger 1996). During dormancy release, chilling progressively releases 
arrested cell growth in peach vegetative buds as well as drives developmental pro-
gramming through critical stages in peach floral organs, which are otherwise inhib-
ited by warm temperature (Erez et al. 1979a, 1979b; Luna et al. 1990, 1991, 1993). 
The other feature is that chilling, unlike photoperiod, acts slowly, and it usually 
takes a few weeks to several months before it is manifested. Chilling also displays a 
fixed time requirement that can be accumulated dependent on the length of chilling 
period. For example, the chilling period (4–6 °C) interrupted by daily 8–12 h warm 
temperature (20–24 °C) fails to release dormancy in peach leaf buds (Erez et  al. 
1979b) or to vernalize “Petkus” rye for flower induction (Purvis and Gregory 1952) 
even though a total required chilling period or duration is met. This indicates that 
the effect of a short period of chilling is reversible under warm condition. However, 
a chilling period with a cycle of at least 2 chill days (4–6 °C) followed by a warm day 
(20–24 °C) behaves as effectively as an uninterrupted chill treatment period does in 
both vernalizing “Petkus” rye (Purvis and Gregory 1952) and releasing peach bud 
dormancy (Erez et al. 1979b). Hence, the chilling effect resulting from less than 12 
chilling hours is unstable, not accumulated and is reversed by intermediate warm 
temperature exposure, while the effect of longer than 48 chilling hours becomes 
fixed or stabilized and is able to accumulate. In this case, the chilling effect is no 
longer reversible by periods of warm temperature for both vernalization and dor-
mancy release. Considering that chilling acts stably and slowly in a quantitative and 
accumulated fashion, it mimics the epigenetically stable and accumulated nature of 
induced DNA and histone methylation or modification (Strahl and Allis 2000; Law 
and Jacobsen 2010), suggesting that a significant component of chilling-mediated 
regulation likely occurs at epigenetic level. In this regard, the fact that the chilling-
induced meristem developmental switch and dormancy release are maintained only 
in one generation but cannot be passed onto the next further supports its epigenetic 
regulatory characteristic.

Floral Induction Pathways and Vernalization

Floral Regulation in Annual Species

The fact that vernalization is able to induce flowering indicates that prolonged chill-
ing must activate or repress one of the floral induction pathways. In Arabidop-
sis, flower regulation has been extensively characterized and the key genes and 
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regulatory pathways have been elaborated in detail. Two floral meristem identity 
genes, APETATA1 ( AP1) and LEAFY ( LFY), act redundantly to specify and initi-
ate the floral meristem switch (Alvarez-Buylla et al. 2010) that progressively gives 
rise to sepal, petal stamen and carpel primordia. At least eight genes including 
AP1, APETATA3 ( AP3), PISTILLATA ( PI), AGAMOUS ( AG) and four SEPALATAs 
( SEPs) are involved in the regulation of four flower whorls, with AP1 alone speci-
fying sepal, AP1 together with PI and AP3 specifying petal, AP3, PI and AG speci-
fying stamen, and AG alone specifying carpel identity (Irish 2010). Although SEP1 
and SEP2 are required for the formation of all floral whorls, SEP3 appears to be 
involved in petal, stamen and carpel formation while SEP4 only in carpel formation 
(Alvarez-Buylla et al. 2010). LFY together with co-factors sets the spatial limits of 
expression of AP3, PI and AG. LFY also regulates the expression of SEP1, SEP2 
and SEP3 (Alvarez-Buylla et al. 2010; Irish 2010). Both AP1 and LFY closely in-
teract with and redundantly regulate the floral organ identity genes to ensure flower 
initiation and later development proceeds continuously. LFY- and AP1-mediated 
floral initiation and regulation are highly conserved among plants and constitute a 
fundamental floral regulatory framework, in which both environmental and endog-
enous cues converge to orchestrate plant flowering (Fig. 4.1).

Upstream of the floral meristem identity genes are a group of genes known as 
floral integrators such as FLOWER LOCUS T ( FT) and SUPPRESSOR OF CON-
STANS 1( SOC1) that perceive and integrate environmental and developmental 
cues to regulate AP1 and LFY, which in turn orchestrate flowering time. In na-
ture, seasonal photoperiod and temperature as well as plant physiological change 
either individually or collectively dictate plant developmental pace and flowering 
time. Genetic and molecular studies in Arabidopsis have deciphered how these en-
vironmental cues or hormone signals regulate floral formation and flowering time. 
Arabidopsis is facultative to long day, and CONSTANS ( CO), a key circadian com-
ponent, perceives the seasonal change of photoperiod and transduces a regulatory 
signal to activate FT (Turck et al. 2008). CO transcription rises and falls over the 
course of a day producing an unstable protein in short photoperiods while under 
long photoperiods, CO transcription is extended in the longer daylight phase and 
CO protein is stabilized, thereby increasing FT expression (Hepworth et al. 2002; 
Wenkel et al. 2006). This photoperiod-CO-FT inductive pathway (Fig. 4.1) is gen-
erally conserved among long-day plants. In parallel, gibberellic acid (GA), a plant 
hormone that also acts as a flowering inducer in Arabidopsis directly interacts with 
SOC instead of FT and the activated SOC concomitantly up-regulates LFY and AP1 
to trigger floral formation (Moon et al. 2003, Fig. 4.1).

Two temperature-mediated flowering repression pathways in Arabidopsis have 
also been delineated (Fig. 4.1). One of them is the FLC-mediated repression of FT 
expression. In mutants with de-repressed FLC, plant flowering is delayed for a few 
months (Kim et  al. 2004). Earlier studies demonstrated that FLC influences the 
period of the circadian clock, a number of temperature-responsive genes, and flow-
ering at high but not low temperatures (Edwards et al. 2006; Salathia et al. 2006; 
Penfield 2008; Lee et  al. 2013), indicating that FLC becomes functional only at 
high temperatures. Molecular analyses showed that FLC down-regulates the floral 
integrators FT and SOC by directly binding to their gene promoters (Helliwell et al. 
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2006; Searle et  al. 2006). FLC is repressed during reproduction transition at the 
shoot apex (Kim et al. 2004), and this repression is mediated by FVE because fve 
mutation leads to constitutive expression of FLC, and delayed flowering (Kim et al. 
2004). Since FVE codes for a homolog of the mammalian retinoblastoma-associat-
ed protein, a component of a histone deacetylase (HDAC) complex, FVE-mediated 
repression of FLC must act through histone acetylation and deacetylation of chro-
matin that may sense or respond to the fluctuation of ambient temperatures. Nev-
ertheless, dynamic control of FLC by FVE represents a unique example of thermal 
regulation of flowering time in Arabidopsis (Fig. 4.1).

The other temperature-mediated flowering repression pathway in Arabidopsis is 
mediated by SHORT VEGETATIVE PHASE ( SVP). Genetic studies showed that mu-
tants of SVP in Arabidopsis flower earlier at lower temperatures (Lee et al. 2013). 
Molecular analysis indicated that SVP forms a protein complex with FLM-β, one of 
the splicing variants from FLOWERING LOCUS M ( FLM), to repress the expression 
of FT and SOC and flowering (Lee et al. 2013). But SVP protein is stabilized at 5 °C to 
23 °C but destabilized at 27 °C or higher (Lee et al. 2013). Clearly, SVP-mediated flow-
er repression is, in contrast to FLC repression, functional at lower temperature range. 
Interestingly, its stability is also influenced by other proteins or interacting partners. 
SVP protein accumulation is enhanced by EARLY FLOWERING 3 ( ELF3) (Yoshida 
et al. 2009) but reduced by LATE ELONGATED HYPOCOTYL ( LHY) and CIRCA-
DIAN CLOCK ASSOCIATED 1 ( CCA1) (Fujiwara et al. 2008), suggesting that these 
genes either positively or negatively regulate SVP protein stability. Given that all 
three factors are components of circadian clock and photoperiod regulatory pathways, 
SVP stability and function may be under circadian or photoperiod regulation. SVP 
and FLC function in a partially redundant fashion by physically interacting with each 
other in a protein complex possibly with other MADS factors (Fujiwara et al. 2008; Li 
et al. 2008). Like FLC, SVP represses FT in leaves and SOC1 in meristem (Jang et al. 
2009). Thus, SVP-FT/SOC1 and FLC-FT/SOC1 serve in two parallel pathways to 
regulate flowering timing under different temperature regimes. The two pathways do, 
however, share distinct features. First, SVP but not FLC represses flower whorl B, C 
and E genes (Gregis et al. 2009). Second, FLC but not SVP is up-regulated in response 
to cool temperature (16oC) (Blazquez et al. 2003; Lee et al. 2007) or intermittent tem-
peratures fluctuating between 4oC and 23oC mimicking autumn temperature fluctua-
tions (Kim et al. 2004). Third, SVP is stable at lower temperature (5–23oc) while FLC 
is inactive at 16oC or below but active at 23oC or above (Lee et al. 2013), Hence, it 
becomes evident that these two repression pathways operate in different temperature 
ranges to complementarily regulate flowering time, and are accordingly termed as 
lower and higher temperature-mediated repressive pathways (Fig. 4.1).

Vernalization-Requiring Plants Hijack Different  
Flower Regulatory Pathways

Although most Arabidopsis plants used for research are rapid cycling and flower 
without a chilling requirement, winter Arabidopsis requires a chilling period for 
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normal flowering. Genetic analysis indicated that this chilling requirement is deter-
mined by two loci that were later identified as FRIGIDA ( FRI) and FLC (Michaels 
and Amasino 1999; Sheldon et al. 1999). FRI acts solely to up-regulate FLC (Mi-
chaels and Amasino 2001), and FLC represses FT, FD and SOC1 through direct 
binding to their cis regulatory regions (Helliwell et al. 2006; Searle et al. 2006). 
Flower production in plants without vernalization was induced by ectopic expres-
sion of these downstream floral integrators, thus bypassing the repressive effect of 
FLC and the vernalization requirement (Lee et al. 2000; Michaels et al. 2005) and 
delineating FRI-FLC-FT/SOC as the vernalization-mediated flowering regulatory 
pathway. Hence, the level of FLC expression is the primary determinant for vernal-
ization requirement in Arabidopsis. FLC is down-regulated by prolonged cold ex-
posure during vernalization (Sheldon et al. 2000). Once FLC transcription is stably 
repressed, its expression remains low even after plants are returned to warm condi-
tions (Sheldon et al. 2000). This provides a "winter memory" and allows rapid flow-
ering as temperature and daylight hours increase in spring. The "winter memory" 
is erased in the developing embryo, allowing the next generation plant to require 
vernalization (Sheldon et al. 2008). Although SVP, such as FLC, acts as a flower-
ing repressor (Fig. 4.1), it does not play a role in the vernalization process because 
mutation or over-expression of SVP does not change or affect cold requirement for 
induction of flowering in winter Arabidopsis (Michaels and Amasino 1999; Shel-
don et al. 1999; Bastow et al. 2004; Sung and Amasino 2004a). Hence, winter Ara-
bidopsis specifically requires the FLC-mediated flower repression pathway to delay 
flowering until the following spring, thus avoiding winter damage.

Winter wheat and barley share similar flower arrest and promotion principles 
with Arabidopsis but exploit different strategies (Fig.  4.1). At least four genes, 
VRN1, VRN2, VRN3 and PPD1, were genetically identified as key regulators for 
vernalization-induced flowering. The detailed analyses of different lines or cultivars 
revealed that PPD1, VRN1 and VRN3 act as flowering promoters while VRN2 is a 
repressor (Hemming et al. 2008; Shimada et al. 2009). VRN1 codes for floral meri-
stem identity gene AP1, VRN2 for a CO-like protein, VRN3 for the floral integrator 
FT and PPD1 for the circadian clock-regulated PRR7 factors, respectively (Turner 
et al. 2005; Yan et al. 2003, 2004, 2006). It appears that VRN2, VRN3 and PPD1 
work in the same pathway while VRN1 acts in a different one (Hemming et al. 2008; 
Shimada et al. 2009). Both PPD1 and VRN2 regulate VRN3/FT but in opposite man-
ners to their Arabidopsis orthologues. PPD1, such as CO in Arabidopsis, senses 
and transduces the seasonal change of photoperiod cues as a regulatory signal to 
activate FT, while VRN2 ( CO-like gene) acts as a transcriptional repressor instead 
of an activator to repress FT expression in wheat. It is evident that CO in wheat has 
diverged from its counterpart in Arabidopsis, acting as a transcriptional repressor 
instead of a transcriptional activator, while PPD1 is a new photoperiod sensor sub-
stituting for the CO function in wheat (Fig. 4.1). VRN2 remains at a high level of 
expression prior to winter but declines during vernalization and is maintained a low 
level even after vernalization (Yan et al. 2004). Thus, the unique VRN2 expression 
pattern puts the PPD1-FT flowering induction pathway under vernalization control, 
i.e., it is suppressed by VRN2 prior to winter and only becomes competent following 
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a winter chilling period. On the contrary, the regulation of VRN1/AP1 is relatively 
simple and is exclusively under control of vernalization, having expression at low 
levels prior to winter, up-regulation during vernalization and remaining high when 
plants are exposed to warm temperature following vernalization (Yan et al. 2003). 
This is opposite to that observed for VRN2 and Arabidopsis FLC. Wheat VEG-
ETATIVE TO REPRODUCTIVE TRANSITION2 ( VRT2) is orthologous to flower 
repressor SVP of Arabidopsis; however, it displays an exact opposite expression 
pattern to VRN1 during vernalization (Kane et  al. 2005). The detailed molecular 
analysis indicated that the VRT2 product could bind the VRN1 promoter and repress 
its expression (Kane et al. 2007), implicating VRT2 as a repressor of VRN1 prior to 
winter. Again, winter wheat and other temperate cereals modulate flowering regula-
tory pathways by imposing on them two unique chilling-responsive components 
(e.g., PPD1&VRN2-VRN3 and VRT2/SVP-VRN1/AP1) with distinct regulatory 
strategies for precisely controlling flowering time and reproduction in response to 
seasonal change (Fig. 4.1).

Vernalization/Chilling-Mediated Gene Repression or Activation  
is Through Epigenetic Modification

Because chilling-mediated gene repression or activation can be stably maintained 
or memorized in the following seasons but does not pass onto the next generation, 
its regulation must occur partially or completely at the epigenetic level. Indeed, the 
changes in histone modification at key genes were detected during vernalization of 
both winter Arabidopsis and cereals (Bastow et al. 2004; Sung and Amasino 2004a; 
Oliver et al. 2009). It is known that trimethylation of lysine 4 at histone 3 (H3K-
4me3) is associated with active gene expression while trimethylation of lysine 27 
at histone 3 (K3K27me3) is associated with a gene-repressed state. At VRN1 chro-
matin in winter barley, the level of H3K4me3 is very low before vernalization but 
substantially increases during and after the winter chilling period while the repres-
sive marker H3K27me3 shows the opposite trend (Oliver et al. 2009), indicating 
that vernalization simultaneously promotes H3K4me3 and represses H3K37me3 
modifications. Thus, a high H3K27me3 and low H3K4me3 chromatin state prior 
to winter represses VRN1/AP1 while the low H3K27me3 and high H3K4me3 state 
promotes VRN1/AP1expression. Histone methylation occurs at the regions span-
ning the gene promoter and first exon and intron but is particularly enriched at the 
5' end of the first exon and adjacent 1st intron. A large deletion (up to 5.2 kb) at the 
5' first intron results in significant decrease in H3K27me3 level and concomitant 
increase of VRN1 expression in vernalized plants, suggesting that the first intron 
is critical for H3K27me3 modulation of VRN1 expression (Oliver et al. 2009). No 
change of histone methylation state at either VRN2 or VRN3 chromatin was detected 
during chilling period (Oliver et al. 2009), suggesting that they may not be regulated 
by histone methylation.
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Repression of FLC by the prolonged chilling temperature in winter Arabidopsis 
is also regulated by several epigenetic regulatory complexes that modify histones. 
Vernalization results in an increase in two repressive modifications at FLC chro-
matin: dimethylation of lysine 9 at histone 3 (H3K9me2) and H3K27me3 (Bastow 
et al. 2004; Sung and Amasino 2004a). These histone methylation markers require 
the PLANT-HOMEODOMAIN POLYCOMB REPRESOR COMPLEX 2 (PHD-
PRC2), whose components include SWINGER (an E(Z) histone methyltransferase 
homologue) and vernalization-essential VRN1, VRN2 (note that these VRN1 and 
VRN2 are different from wheat VRN1 and VRN2), VIN3 and VIN3-LIKE 1 ( VIL1) 
(Gendall et  al. 2001; Bastow et  al. 2004; Sung and Amasino 2004b; Greb et  al. 
2007). The PRC2 complex is thought to initiate H3K27me3 in a region close to 
the first exon and with a subsequent spread across the FLC genomic region during 
vernalization (Gendall et al. 2001; Bastow et al. 2004; Sung and Amasino 2004b; 
Finnegan and Dennis 2007; Greb et al. 2007; Angel et al. 2011); accumulation of 
H3K27me3 quantitatively correlates with the chilling units or period (Finnegan and 
Dennis 2007). The fact that both H3K9me2 and H3K27me3 in most of the vrn1, 
vrn2, vin3, vil1, vrn5 mutants were not enriched at the FLC locus following a suf-
ficient cold treatment suggests that the PRC2 complex can also methylate H3K9 
(Bastow et al. 2004; Sung and Amasino 2004a). The vernalization-mediated stable 
enrichment of H3K27 methylation at FLC chromatin also requires the methylation 
of arginine 3 of H4 (H4R3me) (Schmitz et al. 2008). In addition, FVE also interacts 
with PRC2 complex to elevate H3K27 methylation at FLC chromatin during the 
regulation of flowering timing (Pazhouhandeh et al. 2011).

Recent evidence suggests that H3K27me3 at FLC is mediated by a long intronic 
non-coding RNA (COLDAIR). Association of COLDAIR triggers PRC2 targeting 
to FLC, a situation that leads to FLC repression during vernalization (Swiezewski 
et al. 2009; Heo and Sung 2011). Expression of FLC is partially controlled by miR-
NAs since mutations within the miRNA biogenesis genes DICER-LIKE 1 ( DCL1) 
and DICER-LIKE 3 ( DCL3) can lead to delayed flowering due to excessively high 
expression of FLC in these mutant backgrounds (Schmitz et al. 2007). Thus, long 
non-coding and miRNAs both play roles in the vernalization-mediated flowering.

Several histone modifications that actively promote FLC expression and an early 
flowering phenotype have also been identified during the analysis of autonomous 
flower regulatory pathways in Arabidopsis. Many of the altered flowering mutants 
(either late or early flowering phenotypes) display altered epigenetic states or modi-
fications such as H3K4 trimethylation (H3K4me3), H3K36 di- and trimethylation 
(H3K36me2 and H3K36me3), H2B monoubiquitination (H2Bub) and deposition 
of H2A.Z at FLC chromatin (He 2009; Kim et al. 2009). Interestingly, H2Bub1 is 
also required for maintaining the dormant state of seeds and mutation of hub1 and 2 
responsible for monoubiquitination of H2B led to partial abolishment of Arabidop-
sis seed dormancy that requires cold treatment (stratification) for dormancy release 
(Liu et al. 2007). The role of deposition of H2A.Z at FLC chromatin for maintain-
ing active FLC transcription has been demonstrated in the mutants of arp6 and pie1 
that encode components of the SWR1 complex involved in deposition of H2A.Z in 
chromatin (March-Diaz et al. 2007; Yoshida et al. 2010). Intriguingly, these mutants 
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also lost their sensitivity to ambient temperatures, behaving similarly to fve and svp 
mutants (Kim et al. 2004; Lee et al. 2007). This suggests that H2A.Z could serve 
as a potential molecular thermo-sensor. Whether H2A.Z mediates modification of 
chromatin state at FLC during dormancy remains an interesting topic. Evidently, 
epigenetic regulation of FLC is complex and it appears that multiple factors interact 
coordinately to establish a dynamic epigenetic balance at FLC chromatin to modu-
late flowering timing and response to cold temperature.

Global DNA methylation status also appears to influence the vernalization re-
quirement. Although PRC2-mediated methylation of H3K27 at FLC chromatin is a 
primary determinant for vernalization, DNA methylation status of the genome also 
affects vernalization. Early research demonstrated that plants treated with the cy-
tosine methyltransferase inhibitor 5-azacytidine (5-aza-C) promoted flowering in 
the vernalization-requiring Arabidopsis ecotype C24 (Burn et al. 1993; Dennis et al. 
1998; Finnegan et al. 1998) and in wheat (Brock and Davidson 1994). This treat-
ment was sufficient to substitute for the vernalization process. In Arabidopsis, there 
are at least 12 genes coding for methyl-CpG binding domain ( MBD) proteins, and 
these proteins interact with other proteins to form chromatin modifier complexes that 
repress expression of many genes (Berg et al. 2003; Springer and Kaeppler 2005). 
For example, AtMBD7 interacts with arginine methyltransferase (PRMT11) (Scebba 
et  al. 2007) and AtMBD5, 6 and 7 proteins co-localize in vivo and bind in vitro 
to the DECREASE IN DNA METHYLATION 1 (DDM1) protein (Zemach et al. 
2008). Loss-of-function studies showed that the atmbd9 mutant displays a pleio-
tropic phenotype that leads to a decrease in histone acetylation and an increase in 
DNA methylation at the FLC locus (Peng et al. 2006; Yaish et al. 2009). As a result, 
FLC transcript level declines, resulting in an early flowering phenotype. AtMBD8 is 
also involved in controlling flowering in the winter ecotype C24, and mutation of 
AtMBD8 leads to flowering delay under both long- and short-day photoperiod. While 
FLC expression is not affected in atmbd8-1, the expression of FT and SOC1, which 
are major flowering activators, is down-regulated in the mutant (Stangeland et al. 
2009). The mechanism by which the expression of these genes is decreased in the at-
mbd8-1 mutant has not yet been determined. Hence, although DNA methylation does 
not directly regulate FLC, it likely regulates genes that affect the H3K27 methylation 
process or FLC-repressed genes such as FT, SOC or other flower-promoting genes.

Dormancy and its Regulation in Temperate Woody 
Perennials

Dormancy in Peach is Controlled by a Group of DAM 
Homologues

Earlier research on dormancy has implicated plant hormones, especially GA and ab-
scisic acid (ABA), as key dormancy regulators that orchestrate cell growth and cell 
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division-related processes (Hansen et al. 1999; Arora et al. 2003; Molmann et al. 
2005; Rohde et al. 2007). In addition, water status of plant meristems is also critical 
for dormancy regulation. It was reported that bound water in peach buds increased 
with endodormancy, and both short photoperiod and low temperature could induce 
the conversion of water from a free to a bound state (Erez et al. 1998). Bud dorman-
cy release has also been extensively studied to identify and understand dormancy-
breaking signals (Quamme et al. 1995; Faust et al. 1997; Jian et al. 1997). With the 
advent of genomics tools, great progress has been made in the area of vernalization 
research and extensive investigations on dormancy regulatory mechanisms has gen-
erated a wealth of information delineating the general regulatory elements in peren-
nials (Arora et al. 2003; Horvath et al. 2003; Rohde and Bhalerao 2007). However, 
to achieve a definitive picture of the genetic mechanism(s) involved in regulating 
dormancy, we need to use mutants, genomic tools and transgenic plants.

Identification and characterization of a peach ever-growing ( evg) mutant, in 
which dormancy entry and exit is impaired, revealed for the first time that dorman-
cy in peach and perhaps other woody perennials is controlled by a specific locus 
(Rodriguez-A et al. 1994), providing a critical genetic basis for dormancy research. 
In the evg mutant, apical shoot growth does not cease growth and enter dormancy 
regardless of temperature and photoperiod or seasonal changes in different geo-
climates or regions. The evg cultivar can flower multiple times and bear two major 
crops a year in warmer regions (e.g., Tetela, Mexican) (Rodriguez-A et al. 1994). 
On the contrary, the low-chill peach cultivars ( < 250 CU) cease growth and set buds 
in fall and flower once a year even when grown in the same area (Rodriguez-A 
et al. 1994). Thus, the evg mutant completely loses the typical features of dormancy 
behavior. Reciprocal crosses demonstrated that the evg trait is recessive compared 
to the deciduous ( DE) trait, and controlled by a single locus as seen by a typical 
3:1 segregation ratio of DE to evg growth habit in F2 progeny of crosses between 
DE and evg cultivars (Rodriguez-A et al. 1994). Due to lack of adequate genomics 
resources for peach, identifying and characterizing the EVG gene/s was extremely 
difficult and no major breakthrough occurred until significant genome information 
and genomics tools for peach became available.

The genetic nature of the EVG locus was first elucidated by Albert Abbott's 
group. After a decade of effort on genetic and physical mapping of the peach ge-
nome, the EVG locus was mapped to a 1-cM interval in the peach genome (Wang 
et al. 2002a, 2002b) and the evg mutation corresponded with a large deletion con-
taining a tandem duplication comprised of six copies of a highly conserved gene 
coding for MADS-box protein (Bielenberg et al. 2004). These genes were accord-
ingly termed as DORMANCY-ASSOCIATED MADS-BOX ( DAM) gene 1, 2, 3, 4, 
5 and 6, respectively (Bielenberg et al. 2008). In the evg mutant, the deletion re-
moves four of the six duplicated genes and silences the other two. Gene expres-
sion analysis in terminal vegetative buds in wild-type plants indicated that DAM1, 
DAM2 and DAM4 are up-regulated during seasonal elongation cessation and bud 
formation while DAM5 and DAM6 are up-regulated during dormancy development 
and then down-regulated during the winter chilling period (Li et al. 2009; Jiménez 
et al. 2010). Interestingly, DAM1 and DAM6 also displayed increased expression 
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in response to short photoperiod (Li et al. 2009). All of these results suggest that 
six DAM genes are collectively involved in dormancy onset and exit, with DAM1, 
DAM2 and DAM4 likely involved in vegetative growth cessation and terminal bud 
formation (ecodormant stage) and DAM5 and DAM6 involved in dormancy devel-
opment (transition from ecodormancy to endodormancy) including maintenance 
and release. DAM5 and DAM6 are similarly up-regulated in lateral leaf, floral and 
lateral floral buds throughout fall, and down-regulated during winter, again coinci-
dent with dormancy development and release (Yamane et al. 2011a, b). The applica-
tion of the dormancy-breaking reagent cyanimide not only induces early lateral leaf 
bud break but also down-regulates DAM5 and DAM6 (Yamane et al. 2011a), again 
suggesting that they play a key role in dormancy release. Direct evidence for DAMs’ 
role in dormancy regulation is from a transgenic study (Sasaki et al. 2011) where 
ectopic expression of DAM6 in poplar promoted growth cessation and bud set under 
environmental conditions that maintain rapid vegetative growth in controls. It was 
also found that transformation rate is very low, and the transgenic lines have much 
shorter shoots, confirming DAM6 as a growth repressor. Once the transgenic lines 
enter dormancy, they remain dormant much longer than control plants (Sasaki et al. 
2011). A major QTL trait responsible for chilling requirement in peach is closely 
associated with the DAM5 and 6 loci as well (Fan et al. 2010; Zhebentyayeva et al. 
2014). Collectively, these results confirm DAM5 and DAM6 as key dormancy regu-
lators. However, the fact that peach cultivars carrying the mutation of both DAM5 
and DAM6 still proceed into normal dormancy entry and exit, albeit they require 
only a short period of for dormancy release (Yamane et al. 2011c; Zhebentyayeva 
et  al. 2014), strongly suggests that DAMs other than DAM5 and DAM6 are also 
involved in dormancy regulation.

DAMs are also likely to be involved in the regulation of seed dormancy in peach. 
The seed chilling requirement is often correlated with bud chilling requirement in 
temperate fruit trees, and a cultivar that requires a longer chilling period for bud dor-
mancy break also requires a longer chilling period for seed dormancy break (West-
wood and Bjornstad 1968; Kester 1969; Pasternak and Powell 1980; Kretzschmar 
et al. 2011). Hence, bud and seed dormancy likely share a common regulatory mech-
anism. Conceivably, all or specific DAMs could play a role in stratification through 
differential regulation during seed dormancy entry or release. Consistent with this 
prediction, the expression of DAM1 and DAM6 in peach seeds is substantially de-
creased during stratification (moist chilling of seeds) while DAM4 and DAM5 re-
main relatively unchanged (Leida et al. 2012b). Thus, two of six DAMs are differen-
tially regulated during seed dormancy release or chilling treatment.

DAM-mediated dormancy regulation is conserved in other temperate woody and 
even herbaceous perennials. Differential regulation of DAMs by chilling tempera-
tures during dormancy release has been reported in Japanese apricot ( Prunus mume) 
(Sasaki et al. 2011), Japanese pears ( Pyrus pyrifolia Nakai) (Saito et al. 2013), po-
tato (Campbell et al. 2008), raspberry ( Rubus idaeus) (Mazzitelli et al. 2007) and 
kiwifruit ( Actinidia spp) (Wu et al. 2014). Ectopic expression of apricot DAM6 in 
poplar ( Populus tremula × Populus tremuloides) promotes dormancy onset in the 
transgenic lines (Sasaki et al. 2011), indicating that apricot and poplar likely share 
the similar regulatory factor or mechanism. Even the herbaceous perennial leafy 
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spurge shows a DAM-dependent regulation of dormancy entry and exit (Horvath 
et al. 2010).

Peach DAMs Exploit Arabidopsis SVP Repression Function  
but Exhibit Distinct Properties

Phylogenetic analyses demonstrated that all six DAM genes clustered in the same 
genomic region are closely related to the Arabidopsis floral repressor SHORT 
VEGETATIVE PHASE ( SVP) (Jiménez et al. 2009), one of the two key genes that 
dictates flowering repressive pathways in Arabidopsis (Fig.  4.1). Recent genetic 
and molecular analyses unveiled several unique regulatory properties of SVP at 
the transcriptional and post-translational levels, which could contribute to the com-
plexity of the DAM-mediated dormancy regulatory mechanism evolved in peach 
and other woody species. First, SVP serves as a floral repressor and effectively 
functions at low temperatures (Lee et al. 2013, Fig. 4.1), consistent with dormancy 
onset and exit occurring only under low-temperature condition. Second, SVP pro-
tein physically interacts with flower whorl B, C and E genes to possibly regulate 
floral organ formation and development in Arabidopsis (Gregis et al. 2009); and 
such interaction is critical for DAM-mediated arrest of floral organ development 
prior to winter (Luna et al. 1990, 1991, 1993; Reinoso et al. 2002a, 2002b; Julian 
et al. 2011). Third, SVP protein as a master transcriptional regulator can bind and 
regulate minimally a 1000 genes in Arabidopsis that are involved in an array of bio-
logical processes including floral development, growth regulator signaling, basic 
cellular and metabolic processes, protein modification, reproduction, morphology, 
and others (Gregis et al. 2013). This probably bestows DAM genes the ability to 
simultaneously coregulate a large number of genes during dormancy onset and re-
lease (Leida et al. 2012a, b; Zhong et al. 2013), ensuring that the dormancy process 
proceeds correctly both sequentially and temporarily. Fourth, SVP protein stability 
is sensitive to temperature fluctuation, becoming unstable at higher temperature 
(Lee et al. 2013), making it impossible for DAMs to induce dormancy during the 
growing season even when they are accidently activated due to gene and protein 
mutations or transient low temperature. Finally, SVP protein stability is also influ-
enced by circadian clock or photoperiod factors (Fujiwara et al. 2008; Yoshida et al. 
2009), providing an additional layer of regulatory complexity for dormancy induc-
tion. Thus, it is not difficult to understand why peach adopts SVP rather than FLC 
as its dormancy regulator to deal with this complex regulatory process. It is also 
noteworthy that SVP and DAMs do not share identical functions, with the former 
primarily repressing flowering transition in Arabidopsis while the latter promotes 
dormancy of the already-established floral meristems in peach. Additionally, DAM 
genes arrest vegetative growth in peach, which has not been reported for SVP in 
Arabidopsis. Evidently, peach DAMs exploit the SVP repression function and inher-
ent regulatory features but evolve novel, distinct properties to meet the complex 
regulatory needs of dormancy onset, development and release of both vegetative 
and floral buds in peach (Fig. 4.1, 4.2).
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DAM Genes and FT Constitute a Major Dormancy Regulatory 
Module/Pathway in Peach and Others

In Arabidopsis, SVP, such as FLC, interacts with floral integrators FT and SOC, 
to repress flowering (Fig.  4.1) and this interaction is through direct binding of 
SVP factor to the FT and SOC promoters; however, little is known about whether 
DAM proteins directly interact with FT to regulate dormancy in peach and other 
woody species. The behavior of FT-over-expressed transgenic poplar suggests that 
FT plays an important role in dormancy regulation. Over-expression of poplar FT 
(PtFT) shortens the aspen’s juvenile phase and induces earlier flowering under 
long-day photoperiods (Hsu et al. 2006), while down-regulation of PtFT by RNAi 

Fig.4.2   Schematic diagram of DAMs-mediated dormancy regulation in peach. DAMs that are up-
regulated by photoperiod and cold temperature in fall are likely regulated through genetic and 
epigenetic regulation (e.g., DNA and histone modification), repress FT and possibly SOC or others 
to arrest or slow down cell growth and development, leading plants to enter the endodormant state. 
During winter, chilling temperature progressively down-regulates DAMs via possible DNA meth-
ylation and repressive histone methylation (e.g., H3K27), gradually releasing both vegetative and 
floral buds from growth arrest and enabling them to resume growth in response to warm tempera-
ture in the spring. DAMs may directly interact with, or compete with, FT or SOC, to repress genes 
regulating floral organ development. Blue lines represent gene interactions to promote dormancy 
and orange lines to release dormancy while the dashed lines indicate the potential repression of 
the floral organ identity genes by DAMs. The symbol “Φ” represents the blockage of the DAMs-
mediated repression of FT and SOC
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leads to growth cessation and bud set independently of photoperiod (Rohde et al. 
2011). More convincing evidence comes from observations on the lack of dorman-
cy behavior in transgenic plum ( P. domestica), a close relative of peach. Transgenic 
lines over-expressing PtFT not only show earlier flowering but also continuous 
vegetative growth and flowering in the greenhouse regardless of seasonal changes 
(Srinivasan et al. 2012). Even under field condition, these lines continuously flower 
and grow vegetatively until late fall with no growth cessation or vegetative terminal 
bud formation (Ralph Scorza, personal communication). This indicates that over-
expressed PtFT in plum can override DAM gene function and must accordingly act 
downstream of DAM. Whether DAM protein regulates FT through direct binding 
to the FT promoter as seen with SVP in Arabidopsis or through protein–protein 
interaction remains to be determined. In addition, little is known about whether 
other floral integrators such as SOC also act downstream of DAM. Nevertheless, the 
rudiment of DAM-FT as a main dormancy regulatory pathway in peach and other 
temperate woody species seems likely (Fig. 4.2).

It is known that cold temperature and photoperiod induce dormancy and should 
act upstream of the DAM-FT pathway. How these signals are perceived and the 
response of the DAMs is modulated is not fully understood yet. Earlier experiments 
implicate PHYTOCHROME A (PHYA) and CO as potential photoperiod mediators 
in poplar, likely relaying signals to regulate DAM genes (Bohlenius et al. 2006; Ko-
zarewa et al. 2010). Indeed, extensive analysis of the entire DAM regions identified 
dozens of binding sites for circadian CCA1 and cold-responsive CBF factors (data 
not shown), respectively, suggesting that circadian clock/photoperiod and cold sig-
nals may directly act on and regulate DAMs. Given that there are multiple DAMs 
sharing the feature of large introns that often serve as regulatory sites in many 
MADS-box genes (e.g., AG, FLC), further characterization of protein-DNA binding 
and interaction at the DAM gene regions will provide insight into how DAMs are 
regulated by upstream regulators and/or environmental cues.

Epigenetic Regulation of DAMs During Dormancy Onset and Exit

Given that dormancy, such as vernalization, is an epigenetic phenomenon, it must 
be regulated at least in part by epigenetic mechanisms that modify DNA or histone 
states. The research on dormancy regulation at the epigenetic level lags far behind 
vernalization research in Arabidopsis, and the detailed regulatory mechanisms re-
main largely unknown (Ríos et al. 2014). Although a series of transcriptome studies 
have identified numerous genes related to DNA or histone modifications or chro-
matin remodeling (Ruttink et al. 2007; Karlberg et al. 2010; Santamaria et al. 2011), 
whether these genes play an epigenetic regulatory role remains to be validated or 
elaborated at the molecular level. The first evidence to implicate epigenetic regu-
lation in dormancy came from the analysis of acetylated H4 histone and genomic 
DNA methylation patterns during bud set and burst in chestnut ( Castanea sativa), 
with a higher level of DNA methylation and a lower level of acetylated H4 histone 
detected in dormant buds with respect to actively growing tissues (Santamaria et al. 



96 Z. Liu et al.

2009). It is still unknown whether these modifications occur at specific genomic 
regions or groups of genes such as the DAMs. Leida et al (2012a) recently analyzed 
H3K4me3 and H3K27me3 marks on DAM6 chromatin in peach floral buds and re-
vealed an opposite methylation pattern between two marks, with H3K4me3 declin-
ing and H3K27me3 increasing during the chilling period that becomes particularly 
substantial in the region near the translation start codon. As expected, high-chill 
cultivars display an increased level of H3K27me3 at the end of dormancy com-
pared to low-chill cultivars (Leida et  al. 2012a), and the level of H3K27me3 is 
inversely proportional to DAM6 expression, consistent with its gene repression role. 
It is noted that H3K27me3 accumulation happens at the very end of the chilling 
period but not throughout the entire chilling period, which appears to be different 
from the progressive H3K27me3 accumulative pattern at FLC chromatin during 
vernalization (Angel et al. 2011). Currently, there is no report of epigenetic modifi-
cation occurring at the rest of DAMs loci. Nevertheless, at least DAM6 in peach ap-
pears, such as FLC in Arabidopsis, to be regulated by chilling temperature through 
histone methylation. However, the role of DNA methylation in the regulation of 
DAMs remains limited. In pear, three DAM paralogs display a similar up- and down-
regulation pattern during dormancy establishment and release (Saito et al. 2013), 
resembling peach DAMs regulation (Li et al. 2009), but no evident change of DNA 
methylation in buds was detected during dormancy onset, maintenance and release 
(Saito et al. 2013).

DAMs might be regulated by other histone modifications as well. Hydrogen cy-
anamide (HC) that inhibits catalase activity serves as a potent bud dormancy break-
ing agent, and it is generally believed that this chemical agent induces oxidative 
stress that accelerates dormancy break (Halaly et al. 2008). Prior work also indi-
cated that such treatment stimulates the consumption of oxygen and the respiratory 
activity that further depletes oxygen sources in tissue (Brennan et al. 1978). The 
oxidative stress in turn regulates gene expression and this regulation primarily oc-
curs at the histone acetylation level (Tsuji et al. 2006) as evidenced by the fact that 
submerging plants or depleting oxygen increases H3 acetylation and H3K4me3, 
two transcriptionally active chromatin marks. Conceivably, chilling might, such as 
HC, influence oxidative stress in buds, which may in turn affect histone acetylation 
and methylation state on the DAMs’ chromatin.

Compared to dormancy release, little is known about the regulatory mechanisms 
underlying dormancy induction by cold in peach or other woody species. In straw-
berry, exposure of plants to 12  or 15 °C for up to 4 weeks can induce genome-
wide up-methylation but methylation induced by 15 °C is photoperiod dependent 
and occurs only under short photoperiod but not long photoperiod (Zhang et  al. 
2012). This suggests that both cold temperature and photoperiod are involved in 
concomitant methylation and dormancy induction. Detection of increased levels of 
DNA methylation in dormant chestnut buds further supports the role of DNA meth-
ylation in dormancy induction (Santamaria et al. 2009). Cold temperatures might 
also regulate histone modification through the mode of action of ABA because cold-
induced dormancy is concomitant with ABA increase and ABA alone acts as a sole 
dormancy inducer in many species (Hansen et al. 1999; Arora et al. 2003; Molmann 
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et al. 2005; Rohde et al. 2007). ABA has been shown to down-regulate Arabidopsis 
HISTONE DEACETYLASE 2C ( AtHD2C) (Sridha and Wu 2006), and up-regulate 
HIGH EXPRESSION OF OSMOTIC STRESS RESPONSIVE GENES 15 ( HOS15) 
that codes for a H4 deacetylase (Zhu et al. 2007). Thus, cold temperature might 
influence different epigenetic regulatory mechanisms during dormancy induction.

There is little information on the mechanism underlying short photoperiod-
induced bud dormancy and its possible epigenetic regulation. Currently, there is 
no report on this subject; however, photoperiod-induced epigenetic changes during 
seed dormancy might provide clues for understanding the mechanism underlying 
bud dormancy induction. Seeds, such as buds, enter dormant state when matured, 
and breaking the seed dormancy requires chilling and/or red light, depending on the 
species. The seeds of some but not all lettuce cultivars are very sensitive to light for 
germination, and even a single pulse of a red light is enough to break seed dormancy 
(Berrie et al. 1966). A recent study in Arabidopsis revealed that light directly acti-
vates genes involved in GA synthesis in the seed through the regulation of histone 
modification (Cho et al. 2012). In the dark, the histone arginine in chromatin of GA-
3ox1/GA30x2, coding for a key GA synthesis enzyme, is constantly up-methylated, 
and this increased arginine methylation (a repressed gene mark) represses GA3ox1/
GA30x2 expression, subsequently repressing GA production and seed germination. 
However, in light, the level of the histone arginine methylation is decreased, thereby 
de-repressing GA3ox1/GA30x2 and GA production. Molecular analysis revealed 
that light-mediated down-methylation of histone arginine is achieved by JUMONJI 
20 ( JMJ20) and JUMONJI 22 ( JMJ22), both coding for functionally redundant 
histone arginine demethylases. In light, Phytochrome B (PHYB) is activated (Shi-
nomura et al. 1994) and the activated PHYB up-regulates JMJ20 and JMJ22 that 
in turn accelerates the demethylation of the histone arginine and release GA3ox1/
GA30x2 from repression. Given that PHYA appears to be required for dormancy 
induction by photoperiod (Kozarewa et al. 2010), bud dormancy in woody or other 
perennials might exploit photoperiod-mediated histone modification as one of the 
mechanisms to regulate dormancy induction.
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Introduction

Temperate fruit crops have great economic importance worldwide and their produc-
tion is closely related to bud dormancy, given that a well-adjusted dormancy cycle is 
crucial for the achievement of their full genetic potential. This process is regulated 
by environmental inputs, mainly chilling temperatures and photoperiodic changes, 
which are required for dormancy establishment and release (Horvath et al. 2003; 
Rohde and Bhalerao 2007). Bud dormancy is usually divided into paradormancy, 
endodormancy and ecodormancy, which refers to a failure of meristem growth un-
der favorable conditions caused by signals derived from outside of the bud (but 
from the same plant), from the bud itself or from the environment, respectively 
(Lang et al. 1987). Dormancy entrance is characterized by growth cessation, bud 
set and leaf senescence. Once dormant, plants often need to be exposed to extended 
periods of cold (temperatures below 7.2 °C) to overcome it and the fulfillment of 
this chilling requirement (CR) culminates in ecodormancy (Horvath et al. 2003). 
The mechanisms regulating dormancy release are highly heritable and finely tuned, 
with each genotype being strongly influenced by its region of origin, suggesting a 
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strong genetic control of this trait (Dennis 1987; Howe et al. 2000; Labuschagné 
et al. 2002; Jackson 2003; Campoy et al. 2011).

The direct relationships between bud dormancy and cold exposure gain impor-
tance when considering the recently proposed models for global warming. These 
models predict a rise in global mean temperatures and milder winters, which could 
result in difficulties for the production of temperate fruit crops (Arora et al. 2003; 
Campoy et al. 2011; Kirtman et al. 2013). Thereby, the importance of understanding 
the regulation of dormancy progression is gaining momentum with the main objec-
tive of maintaining sustainable crop yields in a changing environment. In this context, 
a wide range of approaches, from the genetic to the genomic perspective, are being 
used in several perennial crops as study models. In fact, although the main controlling 
mechanisms are still unknown or only partially explained, research advances in plant 
dormancy, especially in peach and poplar, are unveiling key regulators of this process.

Despite worldwide efforts applied to studying the dormancy process, only re-
cently have two of the most economically important temperate fruit crops, apples 
and pears (FAO 2012), been explored for this agronomic trait. These pipfruits gain 
their name because of the small hard seeds (pips) in the center of the fruit (Palmer 
2012), which differ from seeds of other Rosaceae species, such as peaches and 
strawberries. In addition, pipfruits also diverge in bud dormancy regulation be-
cause instead of being triggered by photoperiodic changes the main regulator of this 
process is exposure to low temperatures (Heide and Prestrud 2005). The Central 
and Western Asian origin of the pipfruits could explain their partial insensitivity to 
photoperiod, given that temperature in these regions varies more strongly than day 
length in comparison with other latitudes. Therefore, temperature would be a more 
reliable marker of the cold season than light quality to synchronize their phenology 
to the environment (Campoy et al. 2011).

Several advanced molecular models for bud dormancy control have been pro-
posed (Horvath 2009; Campoy et al. 2011; van der Schoot and Rinne 2011; Rinne 
et al. 2011). However, they are based on species in which photoperiodic changes 
play a major role in dormancy induction and the peculiarities of this process in pip-
fruits are not addressed by these models. This review intends to help fill this gap, 
discussing the recent findings in genetics and genomics of bud dormancy control 
in pipfruits. The better understanding of this process may permit the development 
of new strategies that could help the generation of cultivars better adapted to each 
regional cultivation scenario.

Linkage Mapping of Dormancy-Related Traits

A major approach in the discovery of genes controlling phenological characteris-
tics, such as bud dormancy, is to determine the association between the presence or 
absence of the trait of interest (phenotypes) and the profiles of molecular markers 
(genotypes) across individuals of a segregating population, a strategy known as 
linkage mapping (Mackay et al. 2009). Linkage mapping from experimental popu-
lations is very widespread in herbaceous crops, such as wheat and rice, but this is 
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not the case for tree crops, such as apple and pear (Troggio et al. 2012). The main 
reasons are the high costs of maintaining a population of trees suitable for linkage 
mapping and their long juvenile period, especially when working with adult traits 
such as fruit quality or dormancy of reproductive buds (Flachowsky et al. 2009; 
Grattapaglia and Kirst 2008; Neale and Kremer 2011; Myles 2013).

One of the first attempts to assess the heritable components of tree bud phenology 
was done using populations of Populus sp. hybrids (Bradshaw and Stettler 1995). 
At the time, the consensus among geneticists was that characters with broad pheno-
type distributions, such as time of bud flush, were controlled by a large number of 
genes, each one with small effects. The authors found that most of the variation for 
bud phenology observed in their experimental population (84.7 %) was explained 
by five quantitative trait loci (QTL) distributed in five linkage groups. However, it 
remained an open question whether each identified QTL represented one gene with 
a major effect or a cluster of genes with minor effects. This question was addressed 
by the refinement of the QTL analysis and the mapping of candidate genes for the 
control of bud phenology (Frewen et al. 2000). The authors found two genes poten-
tially related to dormancy regulation to be coincident with the confidence intervals 
of two major QTLs, namely PHYTOCHROME B ( PHYB) and ABSCISIC ACID 
INSENSITIVE ( ABI) homologs. Both were shown to be involved in timing of bud 
set and bud development (Olsen et al. 1997; Rohde et al. 2002). These first studies 
demonstrated that most of the genetic control of bud phenology could be mapped to 
a few genomic intervals.

Dormancy-associated traits, due to their quantitative nature, are often a subject 
of quantitative genetics disciplines. Bud dormancy-related phenotypes exhibiting a 
classical Mendelian segregation, which are more straightforward to map than QTLs 
(Mackay 2001), are very rare. An invaluable research opportunity was explored 
from the mapping of the evergrowing ( evg) locus of peach (Bielenberg et al. 2008). 
The evg mutants are non-dormant, i.e., they do not stop growing even when ex-
posed to short photoperiods or low temperatures, and the evg trait segregates as a 
single recessive gene. Sequencing of the evg locus revealed a cluster of six MIKC-
type MADS-box genes, thereafter called Dormancy-Associated MADS-box ( DAM) 
genes.

When the genetic control of bud dormancy in peach was characterized by quan-
titative genetics approach, two major QTLs (explaining more than 30 % of the phe-
notypic variation) were found, and one of them overlapped with the evg locus on 
linkage group one (LG1, Fan et al. 2010). Further high-resolution mapping of this 
QTL and next-generation resequencing of the genomes from extreme phenotype 
individuals indicated DAM genes as the most probable genetic elements underlying 
the effects of the LG1 QTL (Zhebentyayeva et al. 2014).

Both peach and poplar are self-compatible and fast-growing trees; hence, true 
F2 populations can be established in relatively short timeframes (Fan et al. 2010; 
Faria et al. 2011). Linkage mapping in F2 generation is virtually impossible for self-
incompatible species; therefore, alternative cross strategies are needed to obtain 
segregant populations. The high level of heterozygosity commonly found in self-
incompatible species can be used as leverage for the generation of linkage maps by 
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the two-way pseudo-testcross approach (Grattapaglia and Sederoff 1994). The main 
idea behind this strategy is to follow the 1:1 segregation of genotypes from mark-
ers that are heterozygous in only one parent. It follows that two linkage maps are 
constructed, one for each parent, and the maps can be integrated through markers 
that are present in both parental lines. The two-way pseudo-testcross is a conve-
nient, simple-to-implement and robust strategy for linkage mapping of tree species 
in the F1 generation and does not depend on prior genetic information from the 
parental lines.

Apple and pear are self-incompatible species with a long juvenile period, and 
these limitations have hampered genetic understanding and improvement of both 
crops (Jackson 2003). The first controlled crosses of apple trees for breeding pur-
poses date from 1806, and apple breeders usually select genotypes carrying de-
sired traits from the F1 progenies (Kellerhals 2009). Many of the target traits to 
be introgressed to apple cultivars are related to disease resistance, tree architec-
ture, flowering and fruit quality (Korban and Tartarini 2009). Pear breeding also 
typically involves generation of genetic variation by crossing, aiming to improve 
fruit quality, disease resistance, storage ability, among other traits (Yamamoto and 
Chevreau 2009).

Breeding and academic research of slow growing trees, such as apple and pear, 
can benefit greatly from the knowledge obtained using molecular markers linked 
to heritable traits. For apple, a considerable range of molecular and genetic data 
is publicly available, as well as a high-quality whole genome draft (Velasco et al. 
2010). Among the many tools and databases available, a noteworthy resource is the 
apple 8K single nucleotide polymorphism (SNP) array developed by the Interna-
tional RosBREED Consortium (Chagné et al. 2012). The SNPs that compose the 
chip were chosen after analyzing the resequencing data from 27 cultivar accessions, 
representing most of the genetic variation available for apple germplasm. After-
wards, due to the lack of SNP markers described for pear and the high collinearity 
between apple and pear genomes, approximately 1000 newly discovered SNPs from 
pear were added to the chip, collectively totaling nearly 9000 markers (Montanari 
et al. 2013). One limitation of this platform, however, is the unexpected segregation 
patterns for a large number (more than half) of markers (Troggio et al. 2013). The 
reason for this anomaly is the high level of paralogy exhibited by the apple genome, 
probably caused by a recent whole genome duplication event (Velasco et al. 2010). 
In practical terms, a great number of probes anneal in paralogous sites, resulting in 
distorted genotype proportions in the experimental population. This can be mini-
mized by the use of stringent quality filtering of observed genotype distributions, in 
order to select only reliable markers.

In apple, several linkage mapping studies have already been done specifically for 
the characterization of dormancy traits. The experimental population for dormancy-
related QTL analysis in apple is set up from the offspring of a crossing between 
individual cultivars differing in CR. There are many apple cultivars with various 
ranges of CR, and this trait, as for Populus sp., is largely genetically controlled, 
most likely as a single dominant gene for the low CR trait (Hauagge and Cum-
mins 1991). In an early QTL identification attempt following the two-way pseudo-
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testcross strategy, Conner et al. (1998) found eight regions distributed in seven link-
age groups as highly associated with timing of bud break. However, the linkage 
map constructed did not include markers that could be transferred to the reference 
apple genetic map and, hence, the numbering of linkage groups is not the standard 
for apple genetic studies.

In a more recent study, van Dyk et al. (2010) performed map construction and 
QTL analysis for dormancy traits from populations in South Africa derived from 
crosses between individuals from ‘Anna’ (very low CR) and ‘Golden Delicious’ 
(high CR) and from ‘Anna’ and ‘Sharpe’s Early’ (high CR). The maps, constructed 
from F1 genotypes employing 320 simple sequence repeat (SSR) markers, were 
composed of 17 linkage groups (LGs), corresponding to the number of apple chro-
mosomes. The single QTL found was positioned on LG9 and explained around 
40 % of the variation in the timing of both vegetative and floral bud break (van 
Dyk et al. 2010). In a similar approach, Celton et al. (2011) constructed maps from 
crossings between ‘Starkrimson’ and ‘Granny Smith’ and between X3263 and ‘Bel-
rène,’ the last consisting of a population of more than 300 individuals. The QTL 
analysis of timing of bud break revealed several associations for this trait across 
the genome, the major one being on LG9, in close agreement with the confidence 
interval found by van Dyk et al. (2010). The region of interest was defined as the 
first 4 million base pairs from chromosome 9 in the apple genome, a region identi-
cal to the one found in an independent linkage mapping of dormancy-related traits 
performed by our own group (Tessele et al. manuscript in preparation). Candidate 
gene analysis of this region revealed enrichment for functional classes such as stim-
ulus, biological regulation, signaling, programmed cell death and cell cycle control 
(Celton et al. 2011). These segregant populations were established in very divergent 
climatic conditions, yet shared the same genomic region as containing most of the 
genetic control of the timing of bud break. These findings suggest that variation in 
dormancy-related traits in apple has a strong genetic component. In addition, the 
overlap of genomic intervals for QTLs identified from different progenies suggests 
a common underlying genetic mechanism as responsible for the variation of the 
trait. The next step, therefore, is to further characterize the major QTLs for apple 
bud dormancy-related traits, as already carried on for peach (Zhebentyayeva et al. 
2014). A consensus approach among molecular geneticists is to genotype the same 
population used for QTL identification using a high number of markers located in 
the region of interest, which is often called fine mapping or high-resolution map-
ping (Mackay 2001).

The availability of the next-generation sequencing technologies and high-quality 
genomes now allows the discovery of new molecular markers with low relative 
cost. DNA resequencing was carried out for parental individuals from the popula-
tion segregating for dormancy traits established by our group, and as a result, more 
than 80,000 SNPs were discovered (Alencar et al. 2011). After validation, these new 
markers will be fundamental for the fine characterization of the apple dormancy-
related traits QTLs.

Despite its significant economic importance, pear does not benefit from the same 
range of genetics and genomics resources as apple. Molecular markers have been 
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used in pear for the determination of genetic diversity, association with genes of 
agronomical interest, and construction of linkage maps (Yamamoto and Chevreau 
2009). The first pear genetic map was constructed from a cross between Japanese 
( P. pyrifolia) cultivars using random amplified polymorphic DNA (RAPD) markers 
(Iketani et al. 2001). Yamamoto et al. (2002) assembled a pear map including simple 
sequence repeats (SSR) markers shared between apple and pear. The transferability 
of these markers allowed the comparison of maps from apple and pear, and indi-
cated a high level of synteny between the two genomes. The close evolutionary 
relationship between the two species was clearly demonstrated with the recent pub-
lication of the genomes of the Japanese (Wu et al. 2013) and the European (Chagné 
et al. 2014) pears. In fact, the high transferability of molecular markers between 
pear and apple allowed a combination of SNPs from both species to be arrayed in 
the same platform for the genotyping of the two crops interchangeably (Montanari 
et al. 2013).

Various QTL identification attempts have been made in pear and yielded DNA 
markers closely associated with disease resistance, fruit storage and leaf traits (Ya-
mamoto and Chevreau 2009; Sun et al. 2009). However, to the best of our knowl-
edge, no QTL mapping for dormancy-related traits were performed in pear to date. 
Indeed, due to their genetic similarities, much of what is being discovered in apple 
may be applied to dormancy in pear. This statement is in agreement with the find-
ings reported by Celton et al. (2009), which confirmed the ready transferability of 
SSR markers from Malus to Pyrus.

Molecular Control of Bud Dormancy Progression

Bud dormancy is a complex process that includes a range of states, degrees of de-
velopment and the outgrowth that is tightly synchronized with seasonal changes. 
The elucidation of molecular networks responsible for the control of bud dormancy 
progression has been almost exclusively done on systems induced by photoperiodic 
changes (Böhlenius et  al. 2006; Li et  al. 2009; Jiménez et  al. 2010; Doğramaci 
et al. 2010). Some components of photoperiod perception are known to play roles 
in dormancy regulation, such as PHYA (PHYTOCHROME A), CONSTANS (CO) 
and FT (FLOWERING LOCUS T). In annual plants such as Arabidopsis thaliana, 
flowering occurs in response to long-day photoperiods, with CO and FT controlling 
photoperiod perception and flowering time, respectively (Amasino and Michaels 
2010). In Populus trees, Böhlenius et al. (2006) reported that PtFT1 also controls 
the short-day-photoperiod-induced growth cessation and bud set. In an independent 
study, Hsu et al. (2011) identified two FT paralogs ( FT1 and FT2) in poplar and 
indicated that their expressions are temporally and spatially separated. These au-
thors demonstrated that FT1 expression during winter coincides with the transition 
of vegetative to reproductive phases, whereas FT2 promotes vegetative growth and 
inhibition of bud set in response to warm temperatures and long days. In agreement 
to these findings, Kotoda et al. (2010) reported that apple also has two FT genes, 
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and Srinivasan et al. (2012) showed that the overexpression of a poplar FT in plum 
( Prunus x domestica) impaired dormancy entrance.

The expression of genes regulated by photoperiod is interconnected in a cascade 
of events, where PHYA, along with other circadian clock components, regulates 
CO, which in turns induces FT transcription leading to flowering. Furthermore, 
the signaling cascade regulated by photoperiod perception is closely connected to 
the cold temperature perception pathway, involving several related transcription 
factors (Amasino and Michaels 2010). However, the role of temperature percep-
tion in bud set and in induction of bud dormancy is still poorly understood. Some 
genes that play key roles in photoperiod perception involved in crosstalk with the 
temperature pathway could act as temperature sensors, such as the phytochromes 
(Franklin 2009). In A. thaliana, temperature regulates flowering through the vernal-
ization pathway, which is mediated by the FLOWERING LOCUS C (FLC). FLC is 
a MADS-domain transcriptional regulator that represses two floral integrators, FT 
and SOC1, inhibiting flowering at low temperatures (Helliwell et al. 2006). Inter-
estingly, there is a feedback loop involving SOC1 and FLC regulation, which may 
prevent premature flowering under cold conditions (Seo et  al. 2009). Hereupon, 
SOC1 negatively regulates the cold response pathway through the direct repression 
of C-repeat binding factor/dehydration-responsive element-binding protein (CBF/
DREB1) transcription factors, which are responsible for most of the cold-induced 
gene expression in plants (Seo et al. 2009; Thomashow 2010). On the other hand, 
the expression of CBF/DREB1 increases FLC expression that in turn represses FT 
and SOC1, thereby delaying flowering (Seo et  al. 2009). The crosstalk between 
temperature and photoperiod pathways in dormancy regulation was markedly dem-
onstrated by Wisniewski et al. (2011), which reported that the ectopic expression of 
a peach CBF in apple triggered dormancy induction by short-day photoperiod. The 
same transgenic plants were further evaluated over three growing seasons demon-
strating increased cold tolerance, delayed growth and altered dormancy phenology 
under field conditions (Artlip et al. 2014).

Horvath (2009) proposed a schematic model of how cold temperatures putative-
ly mediate dormancy induction, suggesting that CBF transcription factors promote 
expression of DAM genes, possibly by chromatin remodeling (Horvath 2009). DAM 
genes are classified as belonging to the SVP/StMADS11 clade of MADS-box tran-
scription factors, and due to protein sequence similarities, genes closely related to 
DAM are sometimes referred to as SVP-like genes. In A. thaliana, SVP is a MADS-
box gene that regulates floral transition and contributes to the specification of floral 
meristems (Gregis et al. 2013). The DAM genes were first described in peach and 
presented distinct seasonal expression patterns (Bielenberg et al. 2008). From the 
six genes described, only PpDAM5 and PpDAM6 were regulated by cold exposure 
(Li et al. 2009). Moreover, the transcript accumulation pattern identified for these 
genes, e.g., induction during autumn and declining through the winter, suggests a 
growth repressing role (Li et al. 2009; Yamane et al. 2011). Additionally, it was re-
cently shown that the silencing of PpDAM6 is preceded by changes in the methyla-
tion status of H3K27 residues of histones bound to its chromatin (Leida et al. 2012), 
as well as occurs in the silencing of FLC and other genes that regulate vernalization 
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in A. thaliana (Angel et al. 2011). Although putative DAM orthologues were iden-
tified in pear (Ubi et  al. 2010; Saito et  al. 2013), apple (Falavigna et  al. 2014), 
raspberry (Mazzitelli et al. 2007), kiwifruit (Wu et al. 2012), leafy spurge (Horvath 
et al. 2010) and apricot (Sasaki et al. 2011), a complete functional characterization 
of DAM genes remains to be reported.

Among efforts made to elucidate the involvement of DAM genes in bud dor-
mancy and flowering, Horvath et al. (2010) reported that the overexpression of a 
leafy spurge DAM gene in Arabidopsis delayed flowering, as was also observed in 
SVP overexpressing lines (Gregis et al. 2013). Furthermore, Horvath et al. (2010) 
demonstrated that DAM genes are preferentially expressed in response to cold tem-
peratures, causing a negative-regulation of FT or FT-like genes, leading to growth 
cessation and dormancy entrance. Interestingly, Sasaki et al. (2011) reported that 
overexpressing PmDAM6 in poplar resulted in variable FT transcript levels, induc-
tion of growth cessation and precocious bud formation. On the other hand, Bai 
et al. (2013) found no correlation between the expression patterns of DAM and FT 
genes in pear, suggesting that both genes are not regulated in the Rosaceae family 
in the same manner as in leafy spurge. Finally, in the perennial kiwifruit, SVP-like 
genes were identified and functionally characterized in Arabidopsis. Out of four 
genes ( SVP1, SVP2, SVP3 and SVP4), only SVP3 was able to rescue the flowering 
phenotype in Arabidopsis svp mutant lines (Wu et al. 2012). Distinct roles were 
therefore suggested for kiwifruit SVP-like genes in bud dormancy and flowering. 
Paradoxically, a report from the same authors showed that the ectopic expression 
of SVP3 in kiwifruit and tobacco did not have any effect on growth and dormancy 
(Wu et al. 2014).

Several models have been devised for the regulation of dormancy induction and 
release. For example, Horvath (2009) proposed a model for bud dormancy induc-
tion where DAM, FT and a FT-like gene named CENTRORADIALIS ( CENL) play 
key roles. The DAM genes would be induced after a short exposure to cold, probably 
through the action of CBF and chromatin remodeling mechanisms, as well as by the 
short-day photoperiod output from the circadian clock mediated by PHYA. Once 
induced, the DAM transcription factors would repress FT/CENL, causing growth 
cessation and dormancy induction. After long-term cold exposure, likely via chro-
matin modification, the down-regulation of DAM genes occurs leading to dormancy 
release. Similarly, Jiménez et  al. (2010) proposed a simple conceptual model to 
explain the putative roles of DAM5/DAM6 in the endodormancy-to-ecodormancy 
transition. According to this model, the expression of DAM5 and DAM6 is triggered 
by short photoperiods. On the other hand, chilling exposure disrupts the circadian 
perception of photoperiodic stimuli, resulting in repression of DAM5 and DAM6, 
and allowing the expression of the genes required for growth under permissive en-
vironmental conditions. Finally, Campoy et  al. (2011) proposed a similar model 
integrating all this information combined with data generated studying dormancy in 
other species, such as chestnut and hybrid aspen.

An elegant mechanism to explain dormancy cycling was proposed by Rinne et al. 
(2001) based on low-temperature mediated enhancement of 1-3-ß-D-glucanases pro-
duction. Removal of 1-3-ß-glucan from the plasmodesmata restores the symplasmic 
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communication network, leading to chilling-induced release from dormancy by the 
assumption of a proliferation-competent state. The same authors identified three 
groups of genes, members of GLUCAN HYDROLASE 17 family ( GH17), that are 
upregulated by chilling temperatures and GA biosynthesis in Populus. The group 
1 GH17 genes are transiently upregulated by short-term photoperiodic exposure in 
order to maintain the symplasmic paths to facilitate bud formation. On the other 
hand, group 2 and 3 GH17 genes are upregulated by GA3 and long-term chilling 
exposure, allowing callose removal and, thereby, enabling reopening of signaling 
conduits for FT transport to the apex. After sufficient chilling, growth-related genes 
are upregulated by elevated temperatures, mediated by GA4, leading to bud burst 
(van der Schoot and Rinne 2011; Rinne et al. 2011). The models proposed for peach 
and poplar helped to better understand the dormancy processes in perennial trees; 
however they rely on advances made on species for which photoperiodic changes 
are the main inductor of bud dormancy (Horvath 2009; Campoy et al. 2011; van 
der Schoot and Rinne 2011; Rinne et al. 2011). Thus, the major findings related to 
dormancy progression in pipfruits are often neglected and therefore need to be bet-
ter addressed.

Bud Dormancy in Pipfruits

Pipfruits differ from other plant models used to study bud dormancy, such as peach 
and poplar, at the physiological level because the most important environmental 
trigger for dormancy induction is low-temperature exposure (Heide and Prestrud 
2005), instead of photoperiodic changes. Thus, it can be expected that different 
molecular pathways are being influenced during dormancy entrance in pipfruits. 
In this sense, several studies have been conducted to identify similarities as well as 
peculiarities of this process in apples and pears.

Pioneering work has been performed in apple exploring the contrasting pheno-
types between ‘Gala’ and its spontaneous mutation ‘Castel Gala’. This last cultivar 
requires only 50 % of the CR for dormancy release in comparison with the original 
cultivar, resulting in earlier bud break. Using suppression subtractive hybridiza-
tion as a gene discovery tool and RT-qPCR for validation, Falavigna et al. (2014) 
identified 17 candidate genes, with transcripts coding for DAM, dehydrins, GAST1, 
LTI65, NAC, HTA8, HTA12 and RAP2.12-like proteins presenting major differ-
ences in gene expression between cultivars through the winter. One of the most 
noteworthy results was the transcriptional profile obtained for a DAM-like gene, 
whose expression was very similar to peach PpDAM5 and PpDAM6 genes (Li et al. 
2009; Yamane et  al. 2011). In an independent approach, Porto et  al. (2015) car-
ried out a transcriptomic assay aiming to analyze changes in apple gene (~ 57,000) 
expression in response to chilling accumulation in the field and under controlled 
conditions using a microarray chip. Cold exposure mainly repressed the expres-
sion of transcripts related to photosynthesis, whereas long-term cold exposure re-
pressed flavonoid biosynthesis genes. These results indicate that photosynthesis and 
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auxin transport are major regulatory nodes of apple dormancy and unveil strong 
candidates for the control of bud dormancy. Genes related to the circadian clock, 
hormonal signaling, and regulation of growth and flower development were anno-
tated, including the MdFT1 gene. Interestingly, apple trees overexpressing MdFT1 
displayed early flowering despite a lack of any chilling exposure (Tränkner et al. 
2010). Several studies overexpressing FT homologous genes in apple reported pre-
cocious flowering (Kotoda et al. 2010; Flachowsky et al. 2012; Wenzel et al. 2013), 
but the authors have not addressed its effects of dormancy process. These findings 
suggest the existence of common pathways (e.g., DAM family, FT homologs and 
hormone signaling) in the regulation of dormancy progression in apple in compari-
son with other better characterized species, such as peach and poplar. However, the 
identification of new pathways whose relationships to dormancy still need to be 
unveiled remains a possibility.

The availability of the pear genome sequence will likely become a very impor-
tant tool to improve the genomics of many agronomic traits, including bud dorman-
cy (Chagné et al. 2014; Wu et al. 2013). In fact, despite this advance, several efforts 
were performed trying to discover the molecular mechanisms underlying bud dor-
mancy progression in pear. Two remarkable and independent pear transcriptomes 
were generated using RNA-seq to explore endo- and eco-dormant flower buds (Liu 
et al. 2012; Bai et al. 2013). Interestingly, both studies identified pathways already 
related to dormancy in other species, but also reported, for the first time, other 
dormancy-related pathways, such as endocytosis, glycerophospholipid metabolism, 
and biosynthesis of phenylpropanoids, stilbenoids, diarylheptanoids, gingerols and 
ether lipids. These data, along with those reported in apple (Falavigna et al. 2014; 
Porto et al. 2015), suggest that we are far from fully understanding bud dormancy 
in pipfruits and new research approaches must be explored.

Additionally, besides the whole RNA-seq data generated by Liu et al. (2012) and 
Bai et al. (2013), both authors presented transcript accumulation patterns for DAM 
genes and their results coincided with the first findings reported for this gene family 
in pear (Ubi et al. 2010; Saito et al. 2013). Two putative DAM genes were identi-
fied (namely PpMADS13–1 and PpMADS13–2) and their expression pattern was 
analyzed by RT-qPCR during dormancy. They showed that both genes are gradually 
down-regulated concomitantly with endodormancy release (Ubi et al. 2010). After 
that, a third DAM gene was also isolated ( PpMADS13–3), and its transcript levels 
showed a decrease near and after endodormancy release (Saito et al. 2013).

Two additional reports also investigated dormancy regulation in pear. Nishitami 
et al. (2012) identified two putatively novel dormancy-related transcription factors, 
NAC2 and PRR5, using a microarray chip to study the transition from endodor-
mancy to ecodormancy in pear buds. Both genes displayed a sharp increase in the 
transcript accumulation levels during the end of endodormancy until ecodormancy. 
Likewise, Takemura et al. (2013) identified several genes that may play a role in 
regulating endodormancy release, highlighting the transcriptional profile obtained 
for clone 245 ( Auxin influx carrier component), which was induced near and after 
bud break.
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Another approach to investigate bud dormancy in pear was the characterization 
of carbohydrate metabolism. Marafon et al. (2011) demonstrated that the exposure 
of branches to cold temperatures affects starch and soluble sugar contents in wood 
and bud tissues of Japanese pears. Sufficient chilling supply during winter increased 
the activities of cell wall acid invertase and sucrose-6-phosphate synthase, yield-
ing increased levels of reducing sugars and starch contents in bud tissues that are 
then used for budburst and blooming in spring (Marafon et al. 2011). Additionally, 
another study showed that endodormancy release occurred concomitantly with the 
accumulation of sorbitol in xylem sap, and the increase of sorbitol influx and catab-
olism in flower buds occurred only after bud break (Ito et al. 2012). Finally, trying 
to elucidate which physiological events were involved in the seasonal changes of 
carbohydrate dynamics during winter, the results found by Ito et al. (2013) suggest 
that carbohydrates in the shoot tissues may be converted to sorbitol and loaded into 
xylem sap. Therefore, sorbitol accumulation patterns could be synchronized with 
the progression of dormancy, whereas the total carbohydrate transported into shoots 
from other storage organs may be related to freezing tolerance acquisition rather 
than dormancy progression (Ito et al. 2013).

A groundbreaking discovery by Mason et  al. (2014) uncovered fundamental 
roles of sugar signaling in bud dormancy. According to their report, lateral dormant 
buds under the effect of apical dominance, which is a form of paradormancy, re-
sume growth upon receiving an extra amount of sugar supply. Sugar surplus in the 
phloem is a direct consequence of shoot decapitation, and this signal is much faster 
than auxin depletion across the stem. Lateral bud outgrowth induced by sugars is 
independent from auxin signaling, long regarded as the main regulator of apical 
dominance. This new and exciting evidence indicates that carbohydrate metabolism 
will probably have an increasing importance in studies involving bud dormancy 
progression in perennial species.

Concluding Remarks

Bud dormancy, especially dormancy release, remains one of the less understood 
processes in plant biology. This delay in relation to other well-characterized plant 
phenomena can be due to methodological issues inherent to the study of dormancy 
itself, as it is one of the most hermetic subjects at the experimental point of view. 
However, current approaches available in the fields of plant physiology and mo-
lecular biology may provide significant advances in the genetics and genomics of 
this trait. New technologies, such as high throughput data generation and functional 
analysis in heterologous systems, hold promise for unraveling the inner circuits of 
dormancy regulation. At the moment, quantitative genetics and comparative ge-
nomics seem to be the most fruitful paths toward the identification of components 
of dormancy regulation. Functional characterization of these components in their 
original species background is the next challenge, which can reveal how indepen-
dently described nodes assemble into a full regulatory mechanism.
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Introduction

In Prunus  species, while flowering occurs in the spring, flower differentiation takes 
place at the end of the previous summer. These flower buds continue development 
until mid-autumn, when they generally enter a dormant stage (Perry 1971). The first 
step for dormancy establishment is growth cessation, even under growth conducive 
conditions. But also during dormancy, meristems acclimate to cold and remain un-
responsive to growth signals (Cooke et al. 2012). To reestablish the ability to grow, 
flower buds need to pass a certain period of time under low temperatures, allowing 
growth to resume once environmental conditions are suitable (Perry 1971; Sedgley 
and Griffin 1989).

Establishment of dormancy in buds of temperate fruit trees is not just a survival 
strategy. Because cold is required for proper flowering, it is indeed one of the main 
drawbacks for the extension of temperate fruit trees to warmer latitudes (Atkinson 
et  al. 2013). Moreover, cold requirements are genotype specific, independent of 
where the plant grows (Jansson and Douglas 2007), and is an essential criterion for 
selecting cultivars adapted to particular areas. Based on the agricultural importance 
of dormancy, the impact of predicted global warming in temperate climates (Hedhly 
et al. 2009) has renewed interest on the implications that increasing temperatures 
might have on bud dormancy and, thus, agriculture.

In spite of the relevance for adaptation of temperate woody perennials to differ-
ent climatic conditions (Horvath et al. 2003), and the consistency of the dormancy 
process (Rohde and Bhalerao 2007), little information exists on what occurs in 
flower development during this time. Although information from different fields is 
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accumulating, so far, a common mechanism has not been determined. Here we go 
through the information available on dormancy and flower development in temper-
ate fruit trees, paying attention to flower development in the dormancy context, the 
ways to measure cold, and the information available on its genetic and physiologi-
cal control.

Flower Bud Development

Flower induction, differentiation and development are conserved processes that 
have been extensively studied in model annual plants such as Arabidopsis thaliana 
(Smyth et al. 1990), tobacco (Koltunow et al. 1990), and tomato (Brukhin et al. 
2003). In temperate woody plants, flower bud development has also been compre-
hensively studied in the model perennial species Populus (Bradshaw et al. 2000; 
Brunner and Nilsson 2004). In Prunus species, different studies have described 
early flower differentiation in flower buds containing several flowers such as 
sweet cherry (Guimond et al. 1998), sour cherry (Diaz et al. 1981), or plum (Rag-
land 1934a), and in flower buds containing a solitary flower as in peach (Chandler 
and Tufts 1933; Ragland 1934a, b; Dorsey 1935; Warriner et al. 1985; Luna et al. 
1991), almond (Lamp et al. 2001), or apricot (Julian et al. 2010). However, during 
the development and life span of flowering, little is known about their adapta-
tion to different environmental conditions (summer, autumn, winter, and finally 
spring).

The different descriptions for flower development in Prunus species share a 
common ground and follow a conserved pattern for flower differentiation. Before 
flower initiation, meristems are vegetative and produce bud scales. Flower initia-
tion first becomes apparent at the shoot apex, with an increase in meristem size, the 
acquisition of a dome shape, and then followed by production of flower primordia 
(Diaz et  al. 1981; Guimond et  al. 1998; Lamp et  al. 2001). In Prunus species, 
flower buds are initiated after fruit development, and flower development requires 
several months until blooming (Tukey 1989). Flowers are hermaphrodite, with 
four concentric whorls (sepals, petals, stamens, and carpel). Floral organogenesis 
proceeds in a centripetal way beginning with the initiation of the five sepals. Then 
petal primordia arise, alternating to the sepals within the calyx; and—within the 
corolla—multiple stamens are initiated. Finally, carpel initiation begins with emer-
gence of a single primordium that expands along the apical flank as the carpel 
margins develop and finally close (Diaz et al. 1981; Guimond et al. 1998; Lamp 
et al. 2001). At late winter or early spring, depending on species, bud burst pro-
ceeds rapidly; bud scales separate and the sepals appear. Sepal expansion takes 
place concomitantly with the start of pistil elongation. Apparition of the petals is 
followed with the rapid elongation of the pistil (Julian et  al. 2010). Finally, the 
flower opens, showing five sepals, five petals, numerous stamens, and one carpel 
(Sterling 1964).
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Flower Bud Dormancy

The requirement of chilling accumulation during dormancy for adequate flower 
development was reported as early as the 19th century (Knight 1801). However, 
it was a century later when Coville (1920) demonstrated it experimentally, when 
for breeding purposes in blueberry ( Vaccinium corymbosum), he could not get two 
reproductive cycles in the same year due to lack of chilling. Following his work, 
the basis for how dormancy affects trees was established. In temperate and cold 
climates, following the active growing season, flower buds of woody plants stop 
growing and enter a dormant state in autumn, which gets established prior to the 
exposure to low temperatures (Coville 1920). The state of bud dormancy deepens 
progressively (Rohde and Bhalerao 2007) until reaching a stage where the buds 
cannot grow, even under the most favorable conditions. Eventually, following an 
adequate exposure to chilling temperatures (Vegis 1964), such deep dormancy ends, 
and the buds are ready to burst.

Attempts to characterize the sequential phases of dormancy have resulted in 
more than 50 terms, most of them leading to confusion by the lack of physiological 
basis (Martin 1991). In order to solve this problem, the definition of dormancy has 
been simplified as “the absence of visible growth in any plant structure containing 
a meristem” (Lang et al. 1987) or “the inability to initiate growth from meristems, 
by elongation or cell division, under favorable conditions” (Rohde and Bhalerao 
2007). Depending on the factors causing this state, three types of dormancy have 
been put forward: endodormancy, which is regulated by physiological factors inside 
the affected structure; paradormancy, regulated by physiological factors outside the 
affected structure; and ecodormancy, regulated by environmental factors (Lang 
et al. 1987).

Measuring Chilling Requirement in Fruit Trees

The importance of flower bud dormancy for insuring an adequate flowering re-
sponse in temperate fruit trees (Perry 1971), along with the fact that cultivars have 
different chilling requirements (Jansson and Douglas 2007), has resulted in the 
development of different empirical models to estimate chilling requirements dur-
ing dormancy. Chilling requirements of particular cultivars have been empirically 
calculated by estimating the end of endodormancy, when flower buds recover their 
capacity to grow. For this purpose, shoot cuttings, taken at different times during the 
winter, are placed under favorable growth conditions in controlled chambers; when 
a certain percentage of buds shows external phenological development (Weinberger 
1950), or increase in weight (Brown and Kotob 1957), the chilling units up to cut-
ting time are quantified in different ways based on temperature records.

A number of models have been developed to quantify the low temperature re-
quirement. Early work is based on the records on the number of hours under 7.2ºC 
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(Chilling Hours), which are added throughout the estimated period of dormancy 
(Weinberger 1950). Subsequent models considered that not all temperatures affect 
the plant in the same way to release dormancy but that temperatures have a bell-
shaped dependence up to the end of dormancy, and high temperatures have a nega-
tive effect on chilling accumulation (Erez and Lavee 1971). The “UTAH Model” 
proposes the sum of “chill-units,” establishing a different chilling contribution for 
different temperature ranges. Thus, a negative value is given to warm temperatures 
and the temperatures below 1.4°C are not considered (Richardson et al. 1974). The 
“Dynamic Model” considers that the effect of chilling temperatures can be affected 
by warm temperatures, before chilling fulfillment, and proposes the use of “chill 
portions” (Fishman et al. 1987). The Dynamic Model appears as a better indicator 
of the response to chilling in the subtropics, while the UTAH Model better fits in 
cooler areas of temperate zones (Dennis 2003). These models are the most widely 
used for fruit trees, although there are many others (Bidabé 1965; Cesaraccio et al. 
2004; Legave et al. 2008). A major difference between these models is the impor-
tance given to the sequence of temperatures during dormancy. According to the 
“Chilling Hours” and “Utah” models, the same temperature always has the same 
effect, regardless of when it occurs. However, in the “Dynamic Model,” the same 
temperature at different times of the period can have different effects on chilling 
accumulation (Luedeling 2012).

In spite of their empiric nature, these models are useful to predict if a species or 
cultivar can adapt to a new geographical cultivation area. However, chilling require-
ments are cumbersome to calculate and have not been estimated across an adequate 
range of cultivars. Also, the available data are highly variable depending on the 
model used (Seeley et al. 1994), the heterogeneity at the time of the start and end-
point of the period in which cold temperatures are considered (Dennis 2003), and 
the forcing condition used. Variability is also introduced in estimating the percent-
age of weight increase, or the phenological stage of bud development, which are 
considered as indicators for breaking dormancy (Julian et al. 2014).

These models were developed in an empirical way to fit what occurs in reality, 
and a proper biological indicator to calculate cold requirements would be most use-
ful. However, this is hampered by the lack of knowledge on what happens inside the 
flower bud, and what are the mechanisms and the changes underpinning entering 
and breaking endodormancy.

Genetic Control of Dormancy

Studies focused on the genetic control of dormancy have proposed target genes for 
dormancy regulation that are also involved in flower differentiation and growth in-
cluding FLOWER LOCUS T ( FT) (Koornneef et al. 1991; Böhlenius et al. 2006; Hsu 
et al. 2011), TERMINAL FLOWER 1 ( TFL1)/CENTRORADIALIS 1 ( CEN1) (Brad-
ley 1997; Mohamed et al. 2010; Mimida et al. 2011) or the dormancy-associated 
MADS-box ( DAM) genes (Messenguy and Dubois 2003; Jiménez et al. 2010a, b).
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Flower Regulation Genes

FT and CO are involved in the interaction between long-day photoperiod and the 
initiation of flowering of model annuals such as Arabidopsis thaliana (Koornneef 
et al. 1991). In aspen, a model woody perennial, the CO-FT signaling network un-
der long-day photoperiod conditions displays an expression pattern very similar 
to that in Arabidopsis. But under a critical short-day photoperiod, PtFT1 was re-
ported to mediate vegetative growth cessation and bud set, regulating the entrance 
into dormancy (Böhlenius et al. 2006). Subsequent studies considered two similar 
poplar paralogs, PtFT1 and PtFT2, to regulate these different functions. PtFT1 was 
predominantly expressed in late winter, due to the effect of cold temperatures rather 
than photoperiod, and induced reproductive onset in undifferentiated meristems. 
However, PtFT2 was only expressed under long-day photoperiods and warm tem-
peratures and was involved in controlling vegetative growth (Hsu et al. 2011; Pin 
and Nilsson 2012). Further, down-regulation of FT2 under short photoperiods coin-
cides with growth cessation and bud set, which, as described in greater detail below, 
appears to involve interaction between DAMs and FT (see Cooke et al. 2012; Ríos 
et al. 2014; Sasaki et al. 2011).

TERMINAL FLOWER 1 (TFL1) is expressed in Arabidopsis thaliana during 
the vegetative phase, delaying the commitment to form an inflorescence (Bradley 
1997). The relationship between the expressions of FT and TFL1 regulates floral 
determination, and down-regulation of TLF1 has been proposed to control vegeta-
tive growth and flower determination (Jaeger et al. 2013). Another closely related 
gene CEN1 could also be involved. CEN1 and TFL1 belong to the same gene family 
and one or the other are usually present depending on the plant family. In Populus, 
TFL1-like genes do not appear to be present and flower onset and differentiation 
of shoot phenology is regulated by PopCEN1/PopCEN2, which seems to be impor-
tant for dormancy: down-regulation of PopCEN1 enables dormancy release, and 
as dormancy is released and growth resumes, up-regulation of PopCEN1 promotes 
meristem indetermination (Mohamed et  al. 2010). In apple, a TFL1 homologue, 
MdTFL1, is down-regulated in the rib meristem zone during the determination of 
the flower bud. Subsequently, APPLE FLORICAULA ( AFL2a), a LEAFY ortholog, 
and Malus domestica APETALA 1 ( MdAP1) are highly expressed in the floral meri-
stem and in the developing floral organ primordial (Mimida et al. 2011).

An Evergreen Mutant and DAM Genes

In a peach evergrowing mutant able to continue growing under dormancy inducting 
conditions, a set of six DAM genes were proposed as candidates for controlling the 
non-dormant trait (Bielenberg et al. 2008). DAMs are members of the MADS-box 
genes and were derived from serial tandem duplications (Jiménez et al. 2009) and 
their expression is affected by short photoperiods (Li et al. 2009). DAM1, DAM2, 
and DAM4 are related with seasonal cessation of elongation and terminal flower 
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bud formation late in summer. After that, expression of DAM3, DAM5, and DAM6 
seems to function in establishing and maintaining endodormancy. DAM5 and DAM6 
are up-regulated with short-day photoperiods, reaching a peak with the chilling re-
quirements fulfillment and then down-regulated with bud break and blooming (Li 
et al. 2009). The expression level of those genes, DAM5 and DAM6, was proposed 
to predict the chilling time required to achieve bud break, due to the fact that these 
two factors are negatively and linearly related (Jiménez et al. 2010a). Thus, DAM5 
and DAM6 could be promoting the transcription of negative regulators of bud de-
velopment as DAMs have been identify in other species as transcription factors 
(Yamane et al. 2008, 2011; Esumi et al. 2010; Sasaki et al. 2011).

A body of evidence implicates epigenetic control of dormancy (Ríos et al. 2014). 
Several reports have suggested that dormancy and vernalization involve overlap-
ping processes (Chourad 1960; Horvath 2009; Horvath et al. 2003), and the impli-
cations of epigenetics in vernalization have been put forward (Sung and Amasino 
2005; Song et al. 2012; Ietswaart et al. 2012). Studies have indicated that histone 
modifications and DNA methylation might take place during various phases of the 
dormancy cycle (Horvath et al. 2003; Santamaría et al. 2011; Badenes et al. 2012; 
Vining et al. 2012; Lafon-Placette et al. 2013). While information is still fragment-
ed, this is an active field where future contributions should lead to a better under-
standing of the physiological events impacting regulation of dormancy.

Integrating genetic studies associated with tree dormancy and vernalization es-
tablished some common patterns. In Arabidopsis, FLOWERING LOCUS C (FLC), 
a member of the MADS-box family, regulates vernalization by repressing the tran-
scription of FT (Pin and Nilsson 2012; Ríos et al. 2014). Similarly, in woody peren-
nials evidence suggests that DAM-5 and-6, also members of a MADS-box family, 
are involved in repressing the expression of FT2 under short-day condition (Sasaki 
et al. 2011). Furthermore, the similarity of these processes provides a framework for 
the epigenetic study of dormancy in woody perennials (see Pin and Nilsson 2012), 
as research on the epigenetic regulation of this mechanism is well advanced in Ara-
bidopsis (Angel et al. 2011).

Physiology of Dormancy

While the genetic or epigenetic control of dormancy is far from clear in perennials, 
a different approach to understand dormancy has been to examine physiological 
changes. After two centuries of scientific interest in tree dormancy and its implica-
tions in fruit production, the physiological processes and the environmental fac-
tors that induce and break dormancy are not completely understood (Campoy et al. 
2011; Luedeling 2012). However, during this time, there have been several attempts 
to identify biological markers related to the level of dormancy in different tissues of 
the tree. These have mainly been related to hormonal changes and to cell and organ 
isolation.
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Hormonal Changes

Because plant hormones play an important role in plant growth and development 
and interesting interactions have been put forward in seed dormancy (Bewleyl 
1997; Vanstraelen and Benková 2012), they have also been studied in relation with 
tree dormancy (Rinne et al. 2011; Atkinson et al. 2013). A classical theory for hor-
monal control of dormancy involved auxins, cytokinins, and abscisic acid (ABA) 
(Crabbé 1994). Gibberelins (GA) and ABA have been recognized as the key internal 
factors in seed dormancy (Vanstraelen and Benková 2012). At bud dormancy estab-
lishment, the action of low levels of gibberellins has been associated with growth 
cessation (Olsen et al. 1995; Eriksson and Moritz 2002), and alterations in ABA 
concentrations have been proposed to play a role in leaf drop in the autumn (Well-
ing et al. 1997; Rinne et al. 2011). During bud dormancy, the establishment of cold 
acclimatization related to changes in the bud water status has also been proposed 
to impact freezing tolerance. This is supported by the high variations in dehydrins 
reported during dormancy (Faust et al. 1997; Rinne et al. 2010), since dehydrins are 
specific proteins that protect the cell against cellular dehydration (Faust et al. 1997; 
Arora et al. 2003). Although the mechanisms behind the hormone regulation are 
not well understood, hormones could act to regulate specific components of the cell 
cycle as a mechanism for regulating induction and breaking of dormancy (Horvath 
et al. 2003).

An indirect line of evidence for hormones impacting dormancy is evaluating the 
effect of external application of these growth regulators. For example, cytokinins 
have been used to overcome dormancy (Wang et al. 1991). Application of gibber-
ellins to dormant buds can replace chilling to release dormancy, suggesting that 
chilling effects could be mediated by GA (Lang 1957). However, this approach is 
hampered by the fact that external application of growth regulators has different 
effects depending on the dormancy status. This could be due to a proposed super-
imposed process, which relates freezing resistance to membrane control, rendering 
meristems insensitive to the hormonal effects during dormancy (Faust et al. 1997).

Cell and Organ Isolation

Cell-to-cell communication status through plasmodesmata connections has been 
proposed to affect vegetative dormancy (Rinne et al. 2001, 2011). Detailed studies 
on the shoot apical meristems of Populus revealed changes in symplasmic domains 
that were dependent on the dormancy status and were highly influenced by temper-
atures (Rinne et al. 2001). Different internal stages of symplasmic communication 
have been characterized as online, offline and standby (Rinne et al. 2010). At the 
online stage, there is communication though plasmodesmata when the shoot apical 
meristems are proliferating and freeze sensitive. At the offline stage, the shoot api-
cal meristem is dormant and cells are dehydrated, freezing-tolerant, and cell-to-cell 
communication is inhibited by callose containing sphincter complexes located at 
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the plasmodesmata and cell wall impregnations. Following chilling accumulation, 
plamodesmata communication is restored and changes in cell walls occur with lip-
ids relocalization. These changes release the shoot bud meristem from dormancy, 
but this was termed the stand by status since bud growth is only resumed when 
suitable weather conditions occur with the accumulation of thermal units and water 
availability (Rinne et al. 2010), which finally results in bud burst. These changes 
have also been confirmed by the expression of GA-inducible 1,3-β-glucanases, 
which regulate the degradation of callose deposited at the plasmodesmata (Rinne 
et al. 2011; Paul et al. 2014). While all this work refers to vegetative buds it would 
be worthwhile to evaluate whether these on-off-on stages could also apply to dor-
mancy in flower buds.

Interestingly, communication through the establishment of vascular connections 
has also been put forward in vegetative buds to accompany breaking of dormancy 
(Fonti et al. 2007; Begum et al. 2007, 2008). While the establishment of vascular 
connections has not been directly related with flower bud dormancy, vessel devel-
opment has been associated with de-acclimation (Ashworth 1984) and frost sensi-
tivity. During stamen development in apricots, one of the first changes following 
dormancy is the development of vascular connections, which was closely followed 
by the occurrence of meiosis (Julian et al. 2011). Later work on peach confirmed 
this finding showing the expression of sporopollenin genes (Ríos et al. 2013). After 
the completion of meiosis, anthers acquire a distinctive yellowish color that could 
be used as visual indicators for determining if flowers are dormant or not (Julian 
et al. 2014). While meiosis time is not concomitant with chilling fulfillment, it is 
genotype dependent and highly influenced by winter cold temperatures, being earli-
er in cold winters when chilling requirements are fulfilled early (Julian et al. 2014).

While further work is required, dormancy appears to be associated with isolation 
at the cell and organ level. But what triggers isolation and reestablishment of com-
munication remains to be unveiled.

Perspectives

While there is a renewed interest to understand flower bud dormancy, and different 
approaches of investigation are being used, so far, information remains fragment-
ed. Flower bud development has been characterized in temperate Prunus species 
(Chandler and Tufts 1933; Ragland 1934b; Dorsey 1935; Diaz et al. 1981; Warriner 
et al. 1985; Luna et al. 1991; Guimond et al. 1998; Lamp et al. 2001; Julian et al. 
2010), but how this development relates to flower dormancy remains obscure. Like-
wise, while chilling requirements are known and are used to ascertain the possible 
adaptation of particular cultivars to particular areas (Dennis 2003), what lies behind 
these genetic differences remains elusive.

The search for the genetic control of dormancy is an active field and the involve-
ment of different genes has been put forward. Some of these genes are known to be 
involved in flower development (Koornneef et al. 1991; Bradley 1997; Böhlenius  
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et al. 2006; Mohamed et al. 2010; Mimida et al. 2011; Hsu et al. 2011), while some 
are MADS-box genes (Jiménez et al. 2010a, b), and the interaction between them 
is starting to emerge. Our understanding of these interactions, as well as epigenetic 
regulation (Santamaría et al. 2011; Badenes et al. 2012; Ríos et al. 2014), will in-
crease as research continues. The same applies to physiological studies, although 
recently the observation of cell isolation during dormancy (Rinne et al. 2001, 2011) 
provides a physical setting for dormancy. Thus, it appears that dormancy is accom-
panied by cell isolation both through plasmodesmata at the cell level and through 
vascular connections at the organ level (Begum et  al. 2007; Julian et  al. 2011). 
Determining how these complex genetic and physiological interactions occur will 
surely impact agriculture by providing a basis for extension of temperate fruit trees 
to new latitudes and providing clues for adaptation of temperate forests to global 
warming.
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Dormancy-associated MADS-BOX ( DAM) genes encode transcription factors that 
were first implicated to play a role in dormancy following studies (see below) of a 
mutation in peach ( Prunus persica) originally named evergreen (Rodriguez et al. 
1994) and later evergrowing (Wang et al. 2002). Plants carrying this mutation have 
a reduced requirement for long-term cold normally needed to break endodormancy 
in lateral buds and fail to form terminal buds under otherwise endodormancy induc-
ing conditions. This mutation was caused by a large deletion on linkage group 1 of 
peach (Bielenberg et al. 2008). Upon delineation of this deletion and subsequent 
sequencing of the deleted region in wild-type peach, it was noted that 6 of the 11 
genes that were affected by the deletion were members of the StMADS11 family 
of transcription factors (Bielenberg et  al. 2008). Nearly simultaneously with the 
research effort on peach, two transcriptomics studies conducted with another pe-
rennial crop, raspberry ( Rubus idaeus) (Mazzitelli et al. 2007), and an herbaceous 
perennial weed, leafy spurge ( Euphorbia esula) (Horvath et al. 2008), identified 
genes with similarity to StMADS11-like transcription factors that were preferential-
ly expressed during endodormancy induction and subsequently repressed follow-
ing endodormancy release. Combined, these results provided enough expression 
and functional evidence to hypothesize that these transcription factors might play a 
role in endodormancy establishment and maintenance. Subsequent communication 
between these three groups led to the naming of this family of transcription factors 
genes as DAM genes (Bielenberg et al. 2008).

Numerous DAM-like genes can be found in most dicot plant species, but only 
a few have been shown to have expression patterns consistent with a role in dor-
mancy. In poplar ( Populus trichocarpa), a phylogenetic analysis of DAM-like 
genes, including the DAM genes identified from peach, suggested that PtMADS7- 
(as denoted by Leseberg et al. 2006, also designated as Potri.005G150500, Popu-
lus trichocarpa v3.0, DOE-JGI, http://www.phytozome.net/poplar) and PtMADS21 
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likely shared a common ancestor with the six DAM genes of peach (Jiménez et al. 
2009). However, expression analysis suggested that most DAM-like genes of poplar 
were not induced by dormancy inducing conditions (Chen 2008). Rather, a small 
cluster of DAM-like genes on chromosome 7 (PtMAS27- Potri.007G115200, Pt-
MADS28- Potri.007G115100, and PtMADS29- Potri.007G115000) of poplar were 
all induced by short photoperiod and one ( PtMADS27) also by cold (Chen 2008). 
More recently, a microarray analysis of poplar dormancy transitions demonstrated 
limited induction for any of these DAM-like genes during endodormancy or ec-
odormancy (Howe et al. 2014). Interestingly though, one gene (Potri.001G328400) 
appears to encode a shortened version of a DAM-like transcript, and it was up-regu-
lated only during paradormancy—much like the truncated splice variant of the leafy 
spurge DAM gene (Horvath et al. 2010). Of the six DAM-like genes in peach, DAM3, 
DAM5 and DAM6 were all preferentially expressed during the dormant phase (Li 
et  al. 2009). However, only DAM5 and DAM6 were differentially expressed be-
tween two peach cultivars with known variation in winter chill requirements for 
transition from endodormancy to ecodormancy (Li et al. 2009). In addition to the 
DAM genes from raspberry and leafy spurge, StMADS16 from potato ( Solanum 
tuberosum), which has significant similarity to DAM genes from other species (Hor-
vath et  al. 2008), was also shown to be differentially expressed in endodormant 
potato buds (Campbell et al. 2008). Differential expression of DAM-like genes has 
also been associated with dormancy processes in kiwifruit ( Actinidia chinensis) 
(Wu et al. 2012), pear ( Pyrus communis) (Ubi et al. 2010), and Japanese apricot 
( Prunus mume) (Sasaki et al. 2011). Although most of these sequences have been 
identified in rosaceous plant species, the identification of the StMADS16 gene that 
was differentially expressed during potato dormancy transitions suggest that DAM 
genes are likely also present and functional in the Asteridae as well (Campbell et al. 
2008). Additionally, a DAM-like gene recently cloned from tea ( Camellia sinensis), 
another member of the Asteridae, is not only up-regulated during endodormancy, 
but also appears to regulate bud phenology in poplar when overexpressed (Hao  
et al. unpublished observations).

Genetic Associations of DAM Genes with Dormancy

Further evidence that DAM genes play a significant role in dormancy comes 
from genetic studies that identified quantitative trait loci (QTLs) that affect bud 
dormancy. For example, Fan et al. (2010) identified 4 QTLs for chilling require-
ment from an initial cross of two peach varieties (‘Contender’ and ‘Fla.92–2C’) 
that differed in their chilling requirements (the time at chilling temperatures needed 
to shift from endodormancy to ecodormancy) with 378 F2 progeny. The QTL on 
chromosome 1 that explained over 40 % of the variation overlapped with the EVG 
locus. Likewise, a QTL for chilling requirement was found on a syntenic region in 
the almond ( Prunus amygdalus) genome (Sánchez-Pérez et al. 2012). These same 
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populations (Fan et al. 2010) were used to identify QTLs for chilling requirements 
in an F2 population of peach, and these QTLs were mapped and associated with 
sequence variation to identify candidate genes (Zhebentyayeva et al. 2014). This 
study strongly implicated PpeDAM5 and PpeDAM6 as candidate genes underlying 
the QTL on chromosome 1. These observations, along with the correlation between 
accumulation of DAM transcripts in high and low chilling requiring cultivars de-
scribed above, provides strong evidence that genetic variation in DAM genes in the 
Prunus genus likely contributes to chilling requirements for endodormancy release. 
However, this may not be the case for all species as a large genome wide associa-
tion study among various population of poplar from Europe identified six QTLs 
associated with endodormancy induction and bud set (Rohde et al. 2011), but none 
overlapped with the locations of known DAM-like genes. This study specifically 
focused on endodormancy induction in poplar rather than release, which might ac-
count for the lack of an observed association. It might also be possible that natural 
selection in poplar resulted in altered alleles for genes upstream or downstream of 
DAM in the dormancy regulatory process rather than in the DAM gene itself.

Structural Characteristics of DAM Genes

DAM genes are members of the type II (MIKCc) subfamily of MADS-box transcrip-
tion factors since they contain the MADS-box (M), intervening (I-), keratin-like (K-), 
and C-terminal (C-) domain with the super-scripted (c) standing for “classic” as op-
posed to a related group that contains a longer I region and are denoted as MIKC* 
(Becker and Theissen 2003). The DNA binding domain (MADS-box) is encoded 
in the first exon and is highly conserved. This exon is generally followed by a long 
multi-thousand base intron. In most DAM genes, the remainder of the transcription 
factor is encoded by five to eight additional exons. This 3′ region of these MADS-
box transcription factors is likely involved in regulating protein–protein interac-
tions (as most such MADS-box proteins can form functional dimers), transcription 
factor activity, and regulation of target gene expression. Additionally, at least in a 
DAM gene from leafy spurge and MAD16 from potato, there are two additional non-
coding exons in the 5′ untranslated region (UTR) of the gene (Horvath et al. 2010).

There is evidence for splice variants that are preferentially expressed during dif-
ferent dormancy states (Horvath et al. 2013). For example, a truncated splice variant 
of the leafy spurge DAM transcript preferentially accumulates during endodormancy 
(Horvath et al. 2008, 2013). This splice variant contains only the exon encoding the 
DNA binding MADS-box portion of the protein (coding exon 1) and a short exon 
located in what is normally the first coding region intron of the longer, more ca-
nonical DAM transcripts. However, the longer splice variant accumulates less than 
the short variant during endodormancy but is highly expressed throughout ecodor-
mancy. Some additional differential splicing was observed in two exons contained 
within non-coding 5′UTR of DAM in response to seasonal differences (Horvath 
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et al. 2008). Generally, four to six splice variants are noted among the transcripts of 
the three DAM genes in poplar, but no studies on the specificity to dormancy states 
for the expression of these variants have been conducted.

DAM genes are often found in tandemly duplicated copies at various loci. In 
peach, six tandemly duplicated DAM genes are found on chromosome 1 of peach 
(Bielenberg et al. 2008). Similar numbers and arrangements of DAM genes have 
been found in Japanese apricots ( P. mume) (Sasaki et al. 2011). In poplar, DAM-like 
genes are scattered in small clusters of two or three genes (Horvath et al. 2008). In 
contrast, three different BAC clones have been isolated that contain copies of very 
similar DAM genes that differ only in the organization of flanking genes and re-
petitive elements (Horvath unpublished observations). However, even though other 
genes are present on the bacterial artificial chromosome (BAC) clones, only a single 
DAM gene is present, suggesting perhaps that these genes are not arranged in tan-
dem repeats in leafy spurge (Horvath et al. 2013).

DAM Gene Function

Members of the DAM-like gene family, namely AGAMOUS-LIKE 24 ( AGL24) and 
SHORT VEGETATIVE PHASE ( SVP), had been well characterized in the model 
annual species arabidopsis ( Arabidopsis thaliana) and are known to have roles in 
promoting or inhibiting flowering respectively (Gregis et al. 2006). Previous work 
in poplar indicated that FLOWERING LOCUS T 2 ( FT2), when overexpressed, 
could prevent seasonal growth cessation and delayed induction of endodormancy 
(Bohlenius et al. 2006, Hsu et al. 2011). FT is known to be negatively regulated by 
SVP in arabidopsis (Jang et al. 2009). These two observations led to the hypothesis 
that DAM genes may partially regulate endodormancy by inhibiting the expression 
of FT (Horvath et al. 2008). Some evidence supporting this hypothesis was dem-
onstrated in arabidopsis by overexpressing DAM1 of leafy spurge (Horvath et al. 
2010). These transgenic arabidopsis had delayed flowering and reduced FT accu-
mulation compared to non-transgenic controls. Likewise, overexpression of several 
DAM-like genes from kiwifruit in arabidopsis also delayed flowering (Wu et  al. 
2012). Further, preliminary data indicate that an antibody specific to leafy spurge 
DAM1 can precipitate specific regions of the promoter from leafy spurge FT (Hao 
et al. unpublished observations). Intriguingly, the portion of the FT promoter pro-
posed to be bound by leafy spurge DAM1 contains a sequence that is similar to a 
CArG box, a known binding motif for MADS box transcription factors (Riechmann 
et al. 1969). A very similar sequence is also conserved in the promoter of FT2 from 
poplar, which is specifically associated with growth cessation and endodormancy 
induction (Hsu et al. 2011). Moreover, when peach DAM6 was overexpressed in 
poplar, the most affected transgenic lines showed a significant decrease in FT2 tran-
script accumulation (Sasaki et al. 2011).
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SUPPRESSOR OF OVEREXPRESSION OF CO 1 ( SOC1) is another gene in-
volved in regulating flowering in arabidopsis (Moon et al. 2003). However, SOC1 
expression is also correlated with endodormancy release in apricot ( P. armeniaca) 
(Trainin et  al. 2013). The authors of this study point out that DAM genes share 
significant similarities to AGL24, which is a known positive regulator of SOC1 in 
arabidopsis (Lee and Lee 2010). However SOC1, like FT, had reduced transcript 
accumulation during endodormancy in poplar (Ruttink et al. 2007). This would be 
an unexpected observation if some poplar DAM-like genes were acting analogous-
ly to AGL24 and positively regulating SOC1. However, it is noted that transcripts 
from a SOC1-like gene had increased accumulation in leafy spurge ( p < 0.07) during 
endodormancy (Horvath et al. 2008) and in tree peony (Zhang et al. 2014). Thus, the 
functional nature of poplar DAM-like genes is unclear.

DAM Gene Regulation

DAM genes are often induced by low temperatures and variations in photoperiods 
depending on the species. DAM genes also appear to be up-regulated by condi-
tions that induce endodormancy. In peach, DAM5 and DAM6 are up-regulated by 
short photoperiod (Li et al. 2009). Likewise, the pear DAM genes are up-regulated 
primarily by cold temperatures (Saito et al. 2013). In leafy spurge, expression of 
DAM was greatest under long photoperiod with cold mornings, nights and evening 
(Horvath et al. 2010). The promoters of leafy spurge DAM genes were compared to 
the promoters of their most similar genes in poplar and peach (Table 7.1). Among 
the conserved (and potentially significant) promoter elements present in both leafy 
spurge, poplar, and peach were the evening element (AAATATCT) (Harmer et al. 
2000). A similar sequence (AAATATCA) is present in the peach DAM6 promoter 
(Table 7.1). This element serves as the binding site for LATE ELONGATED HY-
POCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), which 
are key regulators of the circadian clock machinery (Alabadi et al. 2001). Likewise, 
one or more C-REPEAT/DRE BINDING FACTOR (CBF) binding sites (CCGAC) 
(Baker et al. 1994) can be found in the promoters of DAM genes from leafy spurge, 
peach, and one ( MADS27) of the most similar poplar DAM-like genes (Table 7.1). 
These CBF binding sites are suspected of playing a role in DAM gene expression 
in leafy spurge (Horvath et al. 2010, 2013). More recently, direct binding of a CBF 
binding factor to the promoter of a pear DAM gene has been confirmed by chro-
matin immunoprecipitation assays (ChIP) (Saito et al. 2014). Additionally, other 
conserved elements in both leafy spurge and poplar DAM gene promoters such as 
a long element with the consensus sequence TYTTGCTKGCTATRRRAWWCT-
TYTTYTT have been observed. There is also a similar sequence (TTTTGCTTT-
GCTAT) in the peach DAM promoters (Table 7.1). Combined, these conserved ele-
ments strongly support a role in circadian and CBF-regulated expression of DAM 
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genes and also intimate the presence of another transcription factor or factors that 
interact with the unknown but conserved element.

DAM genes have been likened to the FLOWERING LOCUS C ( FLC) gene of 
arabidopsis given its expression patterns and role in controlling FT expression. FLC 
is regulated by several transcription factors including CBF (Seo et al. 2009), LHY 
and CCA1 (Fujiwara et al. 2008). FLC is also regulated at the level of chromatin 
(He and Amasino 2005), and the ability of specific transcription factors that might 
induce the expression of this gene is limited by chromatin remodeling. As chroma-
tin remodeling is also implicated in bud dormancy processes (Horvath et al. 2003, 
Rohde and Bhalerao 2007), it was logical to examine the role of chromatin regula-
tion of DAM gene expression. ChIP assays confirmed regulation by two different 
systems. During endodormancy transition, leafy spurge DAM genes transition from 
an open chromatin state with lower levels of tri methylation of lysine 4 of histone 
3 (H3K4triMe) and during transition to ecodormancy higher levels of closed chro-
matin were observed with enhanced tri methylation of lysine of 27 (H3K27triMe) 
(Horvath et al. 2010; Leida et al. 2012).

Conclusions and Future Prospectus

There is reasonable evidence to suggest DAM genes play a key role in regulating the 
dormancy responses in buds of many perennials by binding to and regulating spe-
cific genes involved in establishing and maintaining the endodormant and ecodor-
mant state. There is also good evidence that DAM genes are regulated by circadian 
signals, CBF-like transcription factors, and chromatin modifications as well as by 
other currently uncharacterized transcription factors. Additional studies are needed 
to further define the signaling factors responsible for regulating the expression of 
DAM genes. Also, because DAMs contain domains associated with protein–protein 
interactions, and because many MADS-box proteins are known to form functional 
multimers with other MADs-box proteins (de Folter et al. 2005), it is highly likely 
that DAM proteins associate with other proteins to regulate gene expression. It is 
also highly likely that DAM proteins, interacting with various other MADS pro-
teins, may have multiple different targets that assist in dormancy maintenance and 
release. Consequently, there is a need for a more general assessment of genes bound 
by DAM and to look for additional proteins that might interact with and modify the 
function of DAM transcription factors.

Manipulating this class of transcription factors either through conventional 
breeding or through genetic engineering could lead to more stable production in 
perennial crops and other horticulturally important perennial species, and thus pro-
tect these important plants from the expected climate change associated with global 
warming. Additionally, these genes could serve as potential targets for impeding the 
spread of perennial invasive species such as leafy spurge. Thus, further studies of 
these important transcription factors are warranted.
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Introduction

The genetic and molecular regulation of bud dormancy in woody perennials has 
been extensively studied in the model woody plant, poplar ( Populus spp.), and 
much knowledge has been gained, as reviewed by Cooke et al. (2012), Rinne et al. 
(2010), and Rohde and Bhalerao (2007). Additionally, characterization of molecular 
networks regulating dormancy in various woody species, including horticulturally 
important fruit tree species, has been carried out by omics studies that use the target 
plants themselves (as reviewed by Yamane 2014). Through genetic and molecular 
studies, genes similar to the StMADS11 clade MADS-box genes of Arabidopsis, 
such as SHORT VEGETATIVE PHASE ( SVP) and AGAMOUS-LIKE24 ( AGL24), 
were identified as candidates for dormancy regulation in peach (Bielenberg 
et  al. 2008) and Japanese apricot (Yamane et  al. 2008). In the Japanese apricot 
genome, six tandemly arrayed PmDAM genes ( PmDAM1–PmDAM6) have been 
identified (Sasaki et al. 2011; Zhang et al. 2012). A seasonal expression analysis 
using reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
assays of PmDAM genes (Sasaki et al. 2011), genome-wide transcriptomic analysis 
using the Japanese apricot EST dormant bud database (http://bioinf.mind.meiji.
ac.jp/JADB/) (Habu et al. 2012), and 60-K microarray analysis (Habu et al. 2014) 
demonstrated that PmDAM genes were preferentially expressed in dormant buds 
and down-regulated during dormancy release of lateral vegetative buds. Moreover, 
RT-qPCR and microarray analyses revealed that all six PmDAM genes were down-
regulated following prolonged artificial cold exposure. In peach, DAM6 expression 
was negatively correlated with the time required for terminal bud break (Jimenéz 
et al. 2010), and this negative correlation was also reported for lateral vegetative 
(Yamane et al. 2011a) and flower (Yamane et al. 2011b, c) buds. Down-regulation 
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of the SVP-like gene during dormancy release has been reported in other perennial 
fruits, such as raspberry ( Rubus idaeus L.) (Mazzitelli et al. 2007). In Japanese pear, 
the expression of the DAM-like gene MADS13 was up-regulated toward dormancy 
establishment and down-regulated toward dormancy release (Saito et  al. 2013). 
These reports collectively suggested that DAMs were promising candidate genes 
for bud dormancy regulation.

Presently, PmDAM6 is the only Rosaceae DAM gene that has been functionally 
characterized using a transgenic study (Sasaki et  al. 2011). Overexpressing 
35S:PmDAM6 in transgenic poplars demonstrated their growth inhibitory functions, 
which included growth cessation and terminal bud set under environmental conditions 
that promote shoot tip growth in wild-type (WT) poplars. Seasonal expression patterns 
of PmDAMs in leaves and vegetative buds were roughly classified into two patterns. 
PmDAM1–PmDAM3 showed expression peaks in summer when shoot growth 
cessation of long branches was observed, while PmDAM4–PmDAM6 showed peaks 
in autumn when leaf senescence was observed and buds were in deep dormancy. 
PmDAMs, including PmDAM6, may have functional redundancy owing to the high 
amino acid sequence identity of the MADS-box domain (approximately 80–90 %). 
Because no transgenic studies have been conducted using a PmDAM other than 
PmDAM6, in this study, we conducted functional studies of PmDAM1 using poplar 
transformants. Based on phenotypic observations, the biological role of PmDAM1 
and its involvement in dormancy regulation is discussed.

Materials and Methods

Microarray Analysis

Monitoring of bud transcriptional activity during seasonal bud development was 
previously performed using a custom microarray (Habu et  al. 2014) constructed 
from Japanese apricot bud ESTs (Habu et  al. 2012). Gene expressions of lateral 
vegetative buds collected from June to March (each from one biological with three 
technical replicates) (Habu et al. 2014) were used. A principal component analysis 
(PCA) using the entire transcriptome represented on the array was performed by 
a Subio software platform (Subio Inc., Kagoshima, Japan) to verify correlations 
among seasonal bud samples and to visualize the similarity of gene expression 
levels among bud samples.

Poplar Transformation

To construct the binary vector p35S:PmDAM1, PmDAM1 cDNA (DDBJ Acc. no. 
AB576350) of Prunus mume ‘Nanko’ was ligated into the T-DNA region of the 
pGWB2 binary vector (Nakagawa et al. 2007) using the Gateway cloning system 
with LR Clonase II (Life Technologies, Carlsbad, CA). The p35S:PmDAM1 
vector was introduced into Agrobacterium tumefaciens strain EHA105 and used 
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to transform hybrid poplar ( Populus tremula × P. tremuloides; clone T89) for the 
constitutive expression of PmDAM1 under the control of the cauliflower mosaic 
virus 35S promoter. Five independently transformed lines were obtained. Relative 
expression intensities of PmDAM1 among these transformants were compared by 
RT-qPCR as described in Sasaki et al. (2011). PtACTIN was used as a reference 
gene for the normalization of cDNA amounts as described in Sasaki et al. (2011). 
RT-qPCR was performed with cDNAs synthesized from total RNAs extracted from 
the leaves of each transgenic plant using the RNeasy Plant Mini Kit (Qiagen). PCR 
conditions were as follows: 45 cycles at 95°C for 10 s, 57 °C for 10 s, and 72 °C for 
16 s, with an initial denaturation at 95 °C for 5 min. For PtACTIN, a dissociation 
curve analysis was performed to confirm that the fluorescence was only derived 
from gene-specific amplification. Transgenic shoots were rooted and acclimatized 
as described in Sasaki et al. (2011).

Phenotypic Observation of Poplar Transformants

Experiment 1

The experimental design to observe dormancy phenotypes, such as bud set and 
bud outgrowth, is shown in Fig. 8.1. Four different transgenic lines and WT plants 
(5–6 plants per line) were grown in a growth chamber [16/8 h of light/dark, 23 °C; 
long photoperiod (LP) condition] for 9 weeks after acclimatization in 2012. Shoot 
lengths and bud set percentages were recorded weekly (Experiment 1-a; Fig. 8.1). 
Plants were then transferred to a growth chamber [8/16 h of light/dark; short pho-
toperiod (SP) condition] at 15 °C and grown for 8 weeks. Plants were decapitated 
(upper half of shoot was removed) and defoliated and grown for 4 weeks in 5 °C in 
the dark. Then, plants were grown in the LP condition for 4 weeks, followed by the 
SP condition for 12 weeks. Again, plants were decapitated and defoliated and trans-
ferred to the LP condition, and the bud flushing percentage was recorded weekly for 
4 weeks (Experiment 1-b; Fig. 8.1). After growing for several months under the LP 
conditions, all plants were decapitated on November 25, 2013, and stored at 5 °C in 
the dark for 3 months. On February 21, 2014, plants (5 plants per line) were trans-
ferred to a greenhouse without additional heating and grown until April 2014. Bud 
flushing was observed weekly in April (Experiment 1-c; Fig. 8.1).

Experiment 2

In 2013, three different transgenic lines and WT plants (5–8 plants per line) were 
grown under SP conditions for 12 weeks after acclimatization. Then, plants were 
transferred to a cold room (5 °C in the dark). After 6 weeks, plants were transferred 
to LP conditions, and the terminal bud flushing percentage was observed weekly 
for 6 weeks (Fig. 8.1).
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Results and Discussion

PCA was performed based on the entire transcriptome represented on a microarray 
(58,627 probes) among ten different bud samples from June to March, and the 
results are shown in Fig. 8.2. The first two principal components (PC1 and PC2) 
explained 71.3 % of the total variability in gene expression (51.0 and 20.3 %, 
respectively). The PCA plot suggested that buds sampled from June to October 
were similar. Additionally, there was a high level of similarity among buds sampled 
from November to January. Habu et al. (2014) performed a cluster analysis based on 
the changes in expression levels of differentially expressed genes after prolonged 
chilling (2345 up-regulated and 1059 down-regulated), and this analysis also 
divided monthly buds into the same three sets as shown in Fig. 8.2. Buds collected 
in June were included in the same clade as buds sampled in September and October, 
when they were in the deep dormant period. Because June buds can open when they 
are grown as one-node cuttings, as opposed to September and October buds, it was 
assumed that June buds differed from September and October buds qualitatively. 

Fig. 8.1   Schematic of the experimental designs used to assess the dormancy phenotypes of trans-
genic poplars expressing Japanese apricot ( Prunus mume) DORMANCY-ASSOCIATED MADS-
box1 ( PmDAM1). In Experiment 1, three different dormancy phenotypes were observed (1-a, 1-b, 
and 1-c). After the plants rooted, they were planted in plastic pots covered with plastic bags and 
grown in 16-h light, at 23 °C for 4 weeks of acclimatization. At 4 weeks, the plastic bags were 
removed and the plants were transplanted into larger pots and then used for the experiments. The 
details of LP, SP, and cold treatment conditions were described in the text
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However, the PCA suggested that buds collected from June to October had similar 
gene expression patterns. These results may reflect that the buds from June to 
October have similar physiological states, namely nongrowing, but dormancy may 
be affected through similar or different mechanisms.

A seasonal expression analysis of PmDAM genes from lateral vegetative buds 
located in the middle portions of long branches was performed (Sasaki et al. 2011). 
Seasonal expression patterns of PmDAMs in leaves and vegetative buds were 
roughly classified into two patterns. PmDAM1–PmDAM3 showed expression peaks 
in the summer when shoot growth cessation on long branches was observed, while 
PmDAM4–PmDAM6 showed peaks in autumn when leaf senescence was observed 
and buds were in deep dormancy (Fig.  8.3; Sasaki et  al. 2011; Yamane 2014). 
Functional studies of PmDAM6 were conducted using poplar transformants, and its 
inhibitory effects on apical shoot growth have already been demonstrated (Sasaki 
et  al. 2011). However, no transgenic studies had been conducted on a PmDAM 
other than PmDAM6. Because PmDAM1–PmDAM3 showed seasonal expression 
patterns different from PmDAM6 (Sasaki et al. 2011), and PmDAM1 showed higher 
expression levels in vegetative buds than PmDAM2 and PmDAM3 (data not shown), 
we chose PmDAM1 as the target gene for further functional characterization.

The five independent lines of 35S:PmDAM1 poplars obtained had distinct 
expression intensities of PmDAM1, as shown in Fig. 8.4. Compared with the highest 
expressing line, DAM1–12, transcript levels of DAM1–8 and DAM1–9 were 1/5 
and 1/10, respectively, whereas those of DAM1–33 and DAM1–49 were less than 
1/10. The 35S:PmDAM1 lines grew at similar rates to WT plants under LP conditions 
(Fig. 8.5a). This is inconsistent with the observed growth patterns of 35S:PmDAM6 
poplars, which exhibited inhibited shoot growth (Sasaki et al. 2011; Yamane 2014). 
Although early bud set was observed in all four transgenic lines (Fig. 8.5b), the 
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Fig. 8.2   Principal component analysis (PCA) based on the entire transcriptome (58,267 probes) 
represented on a Japanese apricot ( Prunus mume) custom microarray constructed by Habu et al. 
(2014). The x-axis represents PC1, and the y-axis represents PC2, which explained 51.0 and 20.3 % 
of the total variability in gene expression, respectively. Ten vegetative bud samples were plotted 
monthly, from June to March (Habu et al. 2014)
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reopening of terminal buds was occasionally observed in some 35S:PmDAM1 lines 
(Fig. 8.5c). These results suggested that PmDAM1 could not interfere with early 
shoot growth but could inhibit shoot growth during growth cessation. Additionally, 
PmDAM1 could act not just as a growth inhibitor but could promote apical growth 
when early bud set was induced. Thus, the reopening of terminal buds observed 
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Fig. 8.4   Relative expression intensities of five different transgenic poplars ( 35S:PmDAM1, lines, 
No. 8, 9, 12, 33, and 49) expressing the Japanese apricot ( Prunus mume) DORMANCY-ASSO-
CIATED MADS-box 1 ( PmDAM1). Gene expression levels were measured by RT-qPCR using 
PmDAM1-specific primers and a TaqMan probe (Sasaki et al. 2011). PtACTIN (Sasaki et al. 2011) 
was used as the reference gene

 

Fig. 8.3   The seasonal timing of growth cessation, leaf abscission, bud development, and bud 
break in Japanese apricot ‘Nanko’ grown in Kyoto, Japan. A principal component analysis (PCA) 
(Fig. 8.2) of microarray studies (Habu et al. 2014) divided the monthly bud samples into three 
groups, group 1 (June to October), group 2 (November to January), and group 3 (February and 
March). The seasonal expression patterns of PmDAM1 and PmDAM6, and the depth of seasonal 
dormancy for vegetative buds are shown. The transcription levels of these genes are indicated by 
shading, faint ( low) to dark ( high) and the depth of seasonal dormancy are indicated, faint ( non-
deep) to dark ( deep)
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soon after bud set suggested that PmDAM1 could both promote and inhibit apical 
growth depending on the growing conditions. Because the growth inhibitory effect 
of PmDAM1 was obvious only when growth-promoting factors were limited, it may 
be that PmDAM1 acted weakly, relative to PmDAM6, even though PmDAM1 and 
PmDAM6 had inhibitory effects on the apical growth of poplar (Sasaki et al. 2011).

Transgenic plants grown under SP conditions set terminal buds at the same 
time (data not shown). Plants were decapitated and defoliated, and exposed to 
growth-promoting conditions prior to the cold treatment (Experiment 1-b; Fig. 8.1). 
Although WT and DAM1–9 plants showed bud burst and flushing within 3 weeks, 
more than 60 % of the DAM1–12 plants did not show bud flushing (Fig. 8.6) even 
after 4 weeks. This could be explained by the hypothesis that the high expression 
level of PmDAM1 in DAM1–12 inhibited the resumption of growth in decapitated 
and defoliated shoots.

A 50-day period of chilling exposure was sufficient to fulfill chilling 
requirements and induced dormancy release in WT and 35S:PmDAM6 poplar 
(Yamane, H. unpublished data). In this study, the terminal bud flushing rates of 
WT and 35S:PmDAM1 under LP conditions, after SP-induced terminal bud set 

a

b c

Fig. 8.5   The Japanese apricot ( Prunus mume) DORMANCY-ASSOCIATED MADS-box 1 
( PmDAM1) showed growth inhibitory effects in poplar. a Shoot length of wild-type (WT) and four 
different 35S:PmDAM1 lines at 9 weeks after acclimatization (5 to 6 plants per line). b Bud set was 
induced in 35S:PmDAM1 poplars and bud set percentages of WT and four 35S:PmDAM1 lines are 
shown. c Although bud set was observed earlier in 35S:PmDAM1 ( upper panel), the reopening of 
terminal buds ( lower panel) was observed soon after bud set in some plants
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followed by 6 weeks of cold exposure (Experiment 2; Fig. 8.1), were compared. 
The first bud burst was observed in lateral buds, preceding terminal buds in some 
plants, and the timing of first bud burst in any bud was similar between WT and 
35S:PmDAM1 (data not shown). Terminal bud flushing occurred earlier in WT and 
DAM1–8, followed by DAM1–12 and then DAM1–9. These results suggested that 
PmDAM1 did not significantly affect dormancy release or subsequent bud flushing. 
However, when WT and 35S:PmDAM1 plants were grown from February to April 
in semi-field conditions, after sufficient cold exposure (3 months) (Experiment 1-c; 
Fig. 8.1), one 35S:PmDAM1 line, DAM1–12, showed delayed growth resumption, 
even though the bud flushing rates of the other 35S:PmDAM1 lines were similar 
to those of WT (Fig.  8.7). The observation that increased expression levels of 
PmDAM1 in DAM1–12, over that in DAM1–8 or 1–9, resulted in a delayed bud 
flushing phenotype is consistent with the hypothesis that PmDAM1 expression 
caused delayed bud flushing. Taken together, dormancy release and bud outgrowth 
were not affected by PmDAM1 when plants were grown under controlled forcing 
conditions, although bud outgrowth was delayed by PmDAM1 expression when 
plants were grown in semi-field conditions. Thus, further studies are required to 
determine whether PmDAM1 plays a role in dormancy maintenance and inhibited 
dormancy release in poplar.

In summary, these preliminary observations are consistent with the hypothesis 
that, as is the case with PmDAM6, PmDAM1 enhanced the rate of terminal bud 
formation in poplar. However, these results require replication to verify their 
consistency. In addition, as suggested by Yamane (2014), the effects of PmDAM1 
(this study) and PmDAM6 (Sasaki et  al. 2011) on dormancy maintenance were 
ambiguous. Because bud dormancy is a quantitative polygenic trait in perennial 
woody plants (Arora et  al. 2003; Rohde et  al. 2011; Tzonev and Erez 2003), it 
could be considered that the overexpression of singular PmDAMs could not 

Fig. 8.6   After induction of bud set by short photoperiod (SP) conditions (8/16  h of light/
dark), decapitation and defoliation of shoots induced lateral bud outgrowths in transgenic 
poplars expressing Japanese apricot ( Prunus mume) DORMANCY-ASSOCIATED MADS-box 1 
( PmDAM1). Resumption of bud outgrowth was delayed in the 35S:PmDAM1 poplars
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maintain the dormant state even though PmDAMs themselves function in dormancy 
maintenance in intact plants. Alternatively, factors other than PmDAMs may play 
significant roles in dormancy maintenance. This study suggests that, in addition to 
PmDAM6, PmDAM1 may participate in bud dormancy regulation by modifying 
apical growth. PmDAM1 was up-regulated during summer when shoot growth 
cessation was observed and then down-regulated long before the dormancy release 
of Japanese apricot (Sasaki et al. 2011). If this seasonal expression pattern is taken 
into account, then PmDAM1 may enhance dormancy induction during summer and 
inhibit bud outgrowth when trees are defoliated accidentally during summer and 
autumn. Further studies will be required to evaluate this possibility.

Fig. 8.7   Transgenic poplars expressing Japanese apricot ( Prunus mume) DORMANCY-ASSO-
CIATED MADS-box 1 ( PmDAM1) showed growth inhibitory effects during the transition from 
dormancy release to bud outgrowth. a After short photoperiod (SP) conditions (8/16 h of light/
dark) and cold treatment that induced dormancy release, the percentage of bud outgrowth from 
decapitated shoots was observed on April 2014 in a greenhouse without supplemental heating.  
b Photograph taken April 15, 2014

a

b
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Introduction

In geographical regions with relatively hot winter climates, chilling is a limiting 
factor in cultivating many species of deciduous fruit trees due to its requirement 
for proper dormancy induction processes, for normal flower development, and 
for dormancy break (Erez and Couvillon 1986; Erez and Lavee 1971; Erez et al. 
1979). All of these factors are crucial for the ability to commercially produce good 
yielding, high-quality fruit. Most fruit trees of the Rosaceae family are particularly 
prone to damage caused by the lack of chilling. Among fruit trees of the Rosaceae 
family, apricot is considered one of the most sensitive species to the lack of chilling 
(Trainin et  al. 2013). Yet, despite their high chilling requirements, certain local 
apricot species and some that originated from North Africa are much less sensitive 
to chilling and are able to break dormancy and produce high yield, even under 
conditions where winter temperatures were mild (Olukolu et al. 2009; Trainin et al. 
2013). Such accessions were crossed with European and American cultivars that 
have high chilling requirements, which produced populations that segregated for 
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chilling requirements in the early F1 cross (Olukolu et al. 2009). Moreover, it was 
possible to breed new apricot cultivars that are especially suitable for commercial 
growth in geographical regions with warm (i.e., less than 300 chilling hours below 
7 ºC) winter conditions (Fig. 9.1, Fig. 9.2). The early segregation of our breeding 
population at the F1 stage enabled us to map, for the first time, quantitative trait loci 
(QTLs) for chilling requirements in apricot and later on in peach (Fan et al. 2010; 
Olukolu et al. 2009).

Studies on apricot and peach revealed that a major QTL is present in linkage 
group 1 (LG1) (Fan et al. 2010; Olukolu et al. 2009). The QTL site in LG1 of peach 
overlaps the peach ever-growing locus ( evg) where a deletion of 6 tandem repeats 
of dormancy-associated MADS-Box ( DAM) genes was previously reported to be the 
site of the evg mutation (Bielenberg et al. 2004, 2008; Fan et al. 2010; Rodriguez 
et al. 1994). Since one of the most prominent phenotypes of the evg mutation is its 
inability to enter dormancy, the overlap of the major chilling requirement QTL with 
that of the evg locus strengthened the assumption that DAM genes control chilling 
requirements in apricot and peach. Further studies specifically pointed to DAM5 
and DAM6 as the most relevant genes for chilling requirements in peach (Jiménez 
et  al. 2010a, 2010b; Li et  al. 2009; Yamane et  al. 2011), Prunus mume (Sasaki 
et al. 2011), and apricot (Olukolu et al. 2009). Further studies provided evidence for 
epigenetic control associated with dormancy break in response to chilling exposure 
in peach (Leida et al. 2012a, 2012b; Rios et al. 2014). In these studies, a decrease 
in H3 acetylation and increase in H3K27 trimethylation in the chromatin of the 
ATG region of DAM6 were revealed in two different peach cultivars. Apart from 
the peach and apricot DAM genes, no other specific genes that are involved in 
dormancy break were reported for fruit trees of the Rosaceae family.

Interestingly, in addition to the major QTL found on LG1, an additional QTL that 
attributed about 20 % of the chilling requirement phenotype was found on LG2 of 
apricot (Olukolu et al. 2009). Recent studies show that certain alleles of a ParSOC1 
gene present in peach and apricot map to LG2 and are associated with chilling 
requirements in a collection of apricot accessions in the Newe Ya’ar Research 
Center in Israel (Trainin et al. 2013). This work summarizes the available data on the 
ParSOC1 gene in apricot, discusses its possible role, and shows that polymorphic 

Fig. 9.1   Newly bred apricot cultivars with low chilling requirements especially suited for growth 
in regions with warm winter, Newe Ya’ar Research Center, Israel. a ‘Tarog’, b ‘Daniel’ c ‘Nitzan’
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SOC1-like alleles are also found in apple ( M. domestica), another member of the 
Rosaceae fruit trees family.

Methods

Most of the data are based on methods described in Trainin et al. 2013. Phylogenetic 
analysis was performed using the Phylogeny.fr software (Dereeper et  al. 2008, 
2010). For the genomic structure of the Apple MdSOC1 gene, the published coding 
sequence (GenBank Accession No. GU983664.1) was aligned with the published 
genomic sequences: contig MDC019611.360 for chromosome 2 and contigs 
MDC004726.279 and MDC18698.258 for chromosome 7 (GDR database; Jung 
et al. 2013) using NCBI BLAST (bl2seq).

Fig. 9.2   Apricot grown in the Arava desert in “Yair” Experimental Station, Israel. Trees are able 
to break dormancy, flower, and set fruit when exposed to less than 100 chilling hours. Bud break, 
flowering, and fruit precede regular growth conditions by about one month in the Newe Ya’ar 
Research Center, north of Israel. a Full leaf coverage in end of April. b Flowering in the beginning 
of March. c Fruit color break in mid-April. Trees were grown in a screen house
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Results and Discussion

SOC1-like Genes in Apricot and Apple

Rosaceae SOC1-like genes, which are highly homologous to the Arabidopsis SOC1 
gene, were found in the genomes of peach ( P. persica), apricot ( P. armeniaca), 
and apple ( M. domestica). The phylogenetic tree of various deduced proteins of 
SOC1-like genes indicates that Rosaceae SOC1-like proteins belong to a clade, 
which is distinct from the DAM proteins’ clade that are more similar to Arabi-
dopsis AGL24 protein (Fig.  9.3). The Rosaceae SOC1 genes are grouped in the 
same cluster in the phylogenetic tree. The prunus SOC1 genes, including the Par-
SOC1 from apricot and PpSOC1 from peach, form a subcluster inside the Rosaceae 
group. While peach and apricot contain only one copy of the SOC1-like gene in 
their genome, there are two SOC1-like genes in apple: GenBank Accession No. 
GU983664.1 on chromosome 2—chr2:21,522,765..21,572,764 and on chromo-
some 7—chr7:12,080,883..12,090,958 spanning contigs MDC004726.279 and 
MDC18698.258 [The Genome Database for Rosaceae (GDR), Jung et al. 2013]. 
Although these two genes encode for an identical protein, their DNA sequence is 
different. Of particular interest is the 5′ transcribed portion of the Rosaceae SOC1-
like genes that contains a single sequence repeat (SSR) based on reiterations of a 
(CT)n motif (Fig. 9.4a). The presence of the (CT)n motif in apple as well as in peach 
and apricot indicates that this motif was present before the evolutionary split be-
tween the Malus and Prunus group in the Rosaceae family.

ParSOC1 Alleles are Highly Polymorphic Among Different Apricot 
Accessions

We genotyped the DNA from 48 different apricot accessions, which represent the 
most divergent accessions in the apricot collection. Using a specific set of prim-
ers flanking the SSR sequence in the 5′ region of the ParSOC1 gene allowed us to 
identify sequence variations for 13 different ParSOC1 alleles among apricots. Most 
of the accessions were heterozygous for the ParSOC1 allele (Fig.  9.4b; Trainin 
et al. 2013). The differences reside in the length of the (CT)n motif, which ranged 
between a few to several dozen nucleotides. Because the (CT)n motif is in the tran-
scribed region of the gene, but in the 5′ untranslated region (UTR), it might be in-
volved in control of mRNA stability. Apart from the (CT)n motif, the rest of the gene 
and the coding sequence itself is identical in all apricots analyzed so far. Moreover, 
high conservation among apricot, peach, and apple genes is observed including the 
position and length of the introns (Fig. 9.4a), suggesting an important role for the 
Rosaceae SOC1-like gene.
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Fig. 9.3   Phylogenetic tree showing clustering of ParSOC1 and its homologues with respect to 
other known AGAMOUS-like proteins (AGL24, AGL6). Arabidopsis proteins are highlighted by 
dashed-lined boxes. ParSOC1 is marked by a solid-lined box. Accession numbers of SOC1-like 
proteins shown in the alignment: ParSOC1 (bankit1155742, FJ472817), Prunus mume SOC1-like 
protein (AEO20229.1), Prunus yedoensis SOC1-like protein (AEO20233.1), Spiraea cantoniensis 
SOC1-like protein (AEO20234.1), Fragaria vesca SOC1 (ACR24128.1), Rosa hybrid cultivar 
SOC1-like protein (AEO20230.1), Photinia serratifolia SOC1-like protein (AEO20232.1), Malus 
x domestica SOC1-like (BAI49494.1), Vitis vinifera SOC1 (ABF56527.1), Glycine max SOC1 
(NP_001236377.1), Citrus sinensis SOC1-like protein (ABS84659.1), Populus tremuloides 
MADS-box protein PTM5 (AF377868), Arabidopsis thaliana SOC1 (NP_182090.1), Pimpinella 
brachycarpa transcription activator (AAC33475.1), Jatropha curcas (JHL05D22.4). Peach 
PpSOC1 ( PpSOC1 is positioned on the peach genome map on scaffold 2: 17,024,317…17,029,252), 
Prunus salicina SOC1-like gene (JX524767)). GenBank accession numbers for other proteins: 
peach PpDAM1 (ABJ96361), PpDAM2 (ABJ96370), PpDAM3 (ABJ96371), PpDAM4 
(ABJ96365), pDAM5 (ABJ96366), PpDAM6 (ABJ96367), Arabidopsis AGL24 (AEE84922.1), 
Arabidopsis AGL6 (NP_182089.1). Peach-annotated AGL6: (ppa019932m;  http://www.rosaceae.
org/peach/genome/ )

 

http://www.rosaceae.org/peach/genome/
http://www.rosaceae.org/peach/genome/
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Associating Chilling Requirements with the ParSOC1 Gene

The presence of the ParSOC1 gene in a region that was mapped as a QTL for 
chilling requirements in the apricot genome (Olukolu et  al. 2009; Trainin et  al. 
2013) and the known involvement of the Arabidopsis SOC1 protein in integrating 
vernalization and photoperiod signals suggest that ParSOC1 might be involved 
in regulating chilling requirements in apricot and perhaps other fruit trees of 
the Rosaceae family. To elucidate the role of SOC1-like genes in Rosaceae, the 

Fig. 9.4   a Genomic structure of apricot, peach, and apple SOC1 genes. Schematic presentation 
of intron/exon structure of the Rosaceae SOC1 genes compared to Arabidopsis SOC1 gene (based 
on GenBank Accession No. AC003680 and Johansen et al. 2002). Dotted boxes represent tran-
scribed sequences (exons and 5’ or 3’ UTR), and white boxes represent introns. Numbers in boxes 
represent the length in bp. SSR region (CT)n, ATG translation initiation site, and TGA transla-
tion stop site are marked by arrows. The scheme is based on the following sequences: apricot 
ParSOC1—GenBank Accession Nos. FJ472817, JX546224: peach PpSOC1 putative gene posi-
tioned on the peach genome v1.0 on scaffold 2: 17,024,317…17,029,252 ( http://www.phytozome.
org/peach); apple MdSOC1—the structure is based on alignment (using BLAST (bl2seq)) of the 
coding sequence (GenBank Accession No. GU983664.1) with the published genomic sequences: 
contig MDC019611.360 for chromosome 2 and contigs MDC004726.279 and MDC18698.258 for 
chromosome 7 (GDR database; Jung et al. 2013). b Allelic composition of ParSOC1 in different 
apricot cultivars and their corresponding sizes. A 6 % mini-acrylamide gel showing transcription 
of the various alleles in leaves (from Trainin et al. 2013)

 

http://www.phytozome.org/peach
http://www.phytozome.org/peach
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high polymorphism of ParSOC1 was utilized to check whether certain alleles of 
ParSOC1 are associated with chilling requirements. For this purpose, the chilling 
requirements of 48 apricot accessions were determined as described in Olukolu 
et  al. 2009 and Trainin et  al. 2013. In these studies, only chilling requirements 
for vegetative bud break were determined. The chilling requirements among the 
analyzed accessions ranged between 200 and 1250 chilling hours as described in 
Trainin et al. 2013 and presented in Fig. 9.5. Of particular interest is the 262 allele, 
which is present in 42 % of the accessions and is highly associated with high chilling 
requirements (p value = 0.0001). The 215 allele that is present within 25 % of the 
analyzed accessions is associated with low chilling requirements (p value = 0.005). 
These results support the assumption that ParSOC1 or a gene in its close proximity 
is involved in regulating chilling requirements in apricot cultivars, as determined 
under the conditions in Newe Ya’ar.

Possible Physiological Role of ParSOC1

Perhaps a clue to the functional role of SOC1 may be derived from the mode of 
ParSOC1 expression in apricot. ParSOC1 is expressed in almost all of the apricot 
tissues analyzed so far, including the roots and the flowers but not in developing 
and ripened fruit. When transformed to Arabidopsis under the control of the 35S 

Fig. 9.5   Association of vegetative chilling requirements with the various ParSOC1 genotypes 
found in the apricot collection. The box plots show that allele combinations 262/262 or 262/278 
are associated with high chilling requirements, while allele combination 215/278 is associated 
with low chilling requirements. Asterisks indicate significantly different allele combinations 
determined according to nonparametric comparisons for each pair using the Wilcoxon method. 
The allele combination 215/278 is significantly different from the allele combination 262/262 
(p < 0.01) and from 262/278 (p < 0.05). Box width is proportional to the number of cultivars carry-
ing a specific allele combination (the number of cultivars carrying a specific allele combination is 
written below the box). Other allele combinations have only one representative ( small squares). 
The Wilcoxon/Kruskal–Wallis one-way test and chi-square approximation ( rank sums) were used 
for the analysis of association of specific alleles with chilling requirements using the JMP statisti-
cal analysis program. Box plot was generated by the JMP software (from Trainin et al. 2013)
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promoter, no significant influence on flowering time was observed. ParSOC1 is 
expressed in apricot leaves in a diurnal manner and reaches its peak of expression 
toward the end of the night (Fig. 9.6). This gene was also expressed in dormant 
apricot buds, and repression of steady-state levels was observed upon exposure of 
dormant buds to 6 ºC for 200 h (data not shown). The data suggest that expression of 
ParSOC1 is sensitive to environmental conditions such as chilling but is also under 
the control of an internal clock.

In Arabidopsis, the soc1 mutation alters the circadian clock (Salathia et al. 2006). 
Perhaps ParSOC1 is part of a mechanism that responds to the environment by 
modulating the internal clock of the plant. The absence of ParSOC1 expression in 
the fruit may indicate that it interferes with fruit or seed development. Homologues 
of SOC1 were found in strawberry (Mouhu et al. 2013; Lei et al. 2013). In transgenic 
strawberry plants where SOC1 gene expression was silenced, runner formation 
was not normal. This phenotype was suppressed upon application of GA (Mouhu 
et al. 2013). Based on these data and expression data on GA biosynthetic genes, it 
was suggested by the authors that SOC1 could be involved in the control of GA 
biosynthesis. As suggested for strawberry, ParSOC1 could be involved in regulating 
gibberellic acid biosynthesis in apricot. It is not known, however, whether gibberellic 
acid is involved in regulating chilling requirements in Rosaceae fruit trees. The 
function of ParSOC1 might involve interactions with other MADS-box proteins 
such as the proteins encoded by the DAM (AGL24-like) genes. This assumption is 
based on the fact that in Arabidopsis, the proteins encoded by AGL24 and SOC1 

Fig. 9.6   Diurnal expression of ParSOC1 in leaves of 4 apricot cultivars (mid-June 2006). North-
ern analysis. Expression levels were normalized against 18S ribosomal RNA and expressed as 
a fraction of the expression at 12:00. Open boxes on x-axis represent daylight, and black boxes 
represent darkness. Sunrise, 5:32; sunset, 19:50 (adapted from Trainin et al. 2013)
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were shown to interact and regulate each other (Liu et al. 2008). In addition, the 
strawberry SOC1 can interact with Arabidopsis AGL24 in yeast 2 hybrid and BiFC 
assays (Lei et al. 2013).

One of the questions that remain unanswered is whether chilling requirements in 
other fruit trees of the Rosaceae such as apples and pears are also regulated by genes 
similar to ParSOC1. Although major QTLs for chilling requirements were reported 
for these tree species, the genes involved were not yet identified. The possible 
involvement of SOC1 in apple chilling requirements is now under investigation.

References

Bielenberg DG, Wang Y, Fan S, Reighard GL, Scorza R, Abbott AG (2004) A deletion affecting 
several gene candidates is present in the evergrowing peach mutant. J Hered 95:436–444

Bielenberg DG, Wang Y, Li Z, Zhebentyayeva T, Fan S, Reighard GL, Scorza R, Abbott AG (2008) 
Sequencing and annotation of the evergrowing locus in peach [prunus persica (L.) Batsch] 
reveals a cluster of six MADS-box transcription factors as candidate genes for regulation of 
terminal bud formation. Tree Genet Genomes 4(3):495–507

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard JF, Guindon S, Lefort 
V, Lescot M, Claverie JM, Gascuel O (2008) Phylogeny.fr: robust phylogenetic analysis for the 
non-specialist. Nucleic Acids Res 36(Suppl 2):W465–W469

Dereeper A, Audic S, Claverie JM, Blanc G (2010) BLAST-EXPLORER helps you building 
datasets for phylogenetic analysis. BMC Evol Biol 10:8

Erez A, Couvillon GA (1986) A characterization of the influence of moderate temperatures on the 
rest completion in the peach. J Amer Soc Hort Sci 112:677–680

Erez A, Lavee S (1971) The effect of climatic conditions on dormancy development of peach buds. 
I. Temperature. J Amer Soc Hort Sci 96:711–714

Erez A, Couvillon GA, Hendershott CH (1979) Quantitative chilling enhancement and negation in 
peach buds by temperatures in a daily cycle. J Amer Soc Hort Sci 104:536–540

Fan S, Bielenberg DG, Zhebentyayeva TN, Reighard GL, Okie WR, Holland D, Abbott AG. 
(2010) Mapping quantitative trait loci associated with chilling requirement, heat requirement 
and bloom date in peach ( Prunus persica). New Phytol 185:917–930

Jiménez S, Reighard GL, Bielenberg DG (2010a) Identification of genes associated with growth 
cessation and bud dormancy entrance using a dormancy-incapable tree mutant. BMC Plant 
Biol 10:25. doi:10.1186/1471–2229-10–25

Jiménez S, Reighard GL, Bielenberg DG (2010b) Gene expression of DAM5 and DAM6 is 
suppressed by chilling temperatures and inversely correlated with bud break rate. Plant Mol 
Biol (2010) 73:157–167 doi:10.1007/s11103–010-9608–5

Johansen B, Pederson LB, Skipper M, Frederiksen S (2002) MADSbox gene evolution—structure 
and transcription patterns. Mol Phylogenet Evol 23:458–480

Jung S, Ficklin S, Lee T Cheng CH, Blenda A, Zheng P, Yu J, Bombarely A, Cho I, Ru S, Evans 
K, Peace C, Abbott AG, Mueller LA, Olmstead MA, Main D (2013). The genome database for 
rosaceae (GDR): year 10 update. Nucl Acids Res. doi:10.1093/nar/gkt1012

Lei HJ, Yuan HZ, Liu Y, Guo XW, Liao X, Liu LL, Wang Q, Li TH (2013) Identification and 
characterization of FaSOC1, a homolog of suppressor of overexpression of constans1 from 
strawberry. Gene 531:158–67. doi:10.1016/j.gene.2013.09.036

Leida C, Conesa A, Llácer G, Badenes ML, Ríos G (2012a) Histone modifications and expression 
of DAM6 gene in peach are modulated during bud dormancy release in a cultivar-dependent 
manner. New Phytol 193:67–80. doi:10.1111/j.1469–8137.2011.03863.x

Leida C, Conejero A, Arbona V, Gómez-Cadenas A, Llácer G, Badenes ML (2012b) Chilling-
dependent release of seed and bud dormancy in peach associates to common changes in gene 
expression. PLoS One 7(5):e35777



T. Trainin et al.168

Li Z, Reighard GL, Abbott AG, Bielenberg DG (2009) Dormancy- associated MADS genes from 
the EVG locus of peach [Prunus persica (L.) Batsch] have distinct seasonal and photoperiodic 
expression patterns. J Exp Bot 60:3521–3530

Liu C, Chen H, Er HL, Soo HM, Kumar PP, Han JH, Liou YC, Yu H (2008) Direct interaction of 
AGL24 and SOC1 integrates flowering signals in Arabidopsis. Development 135:1481–1491

Mouhu K, Kurokura T, Koskela EA, Albert VA, Elomaa P, Hytönen T (2013) The Fragaria vesca 
homolog of suppressor of overexpression of constans1 represses flowering and promotes 
vegetative growth. Plant Cell 25:3296–3310

Olukolu BA, Trainin T, Fan S, Kole C, Bielenberg DG, Reighard GL, Abbott AG, Holland D 
(2009) Genetic linkage mapping for molecular dissection of chilling requirement and budbreak 
in apricot ( Prunus armeniaca L). Genome 52:819–828

Rios G, Leida C, Conejero A, Badenes ML (2014) Epigenetic regulation of bud dormancy events 
in perennial plants. Front Plant Sci 3:5:247

Rodriguez A, Sherman WB, Scorza R, Wisniewski M, Okie WR (1994) ‘Evergreen’ peach, its 
inheritance and dormant behavior. J Am Soc Hort Sci 119(4):789–792

Salathia N, Davis SJ, Lynn JR, Michaels SD, Amasino RM, Millar AJ (2006) FLOWERING 
LOCUS C- dependent and independent regulation of the circadian clock by the autonomous 
and vernalization pathways. BMC plant biol 6:10

Sasaki R, Yamane H, Ooka T, Jotatsu H, Kitamura Y, Akagi T, Tao R (2011) Functional and 
expressional analyses of PmDAM genes associated with endodormancy in Japanese apricot. 
Plant Physiol 157:485–497

Trainin T, Bar-Ya’akov I, Holland D (2013) ParSOC1, a MADS-box gene closely related to 
Arabidopsis AGL20/SOC1, is expressed in apricot leaves in a diurnal manner and is linked 
with chilling requirements for dormancy break. Tree Genet Genomes 9:1–14

Yamane H, Ooka T, Jotatsu H, Hosaka Y, Sasaki R, Tao R (2011) Expressional regulation of 
PpDAM5 and PpDAM6, peach (Prunus persica) dormancy-associated MADS-box genes, by 
low temperature and dormancy-breaking reagent treatment. J Exp Bot 62:3481–3488



169

Chapter 10
Prolonged Exposure of Grapevine Buds  
to Low Temperatures Increases Dormancy, Cold 
Hardiness, and the Expression of Vvα-AMYs 
Genes

Francisco J. Pérez and Sebastián Rubio

© Springer International Publishing Switzerland 2015
J. V. Anderson (ed.), Advances in Plant Dormancy, DOI 10.1007/978-3-319-14451-1_10

F. J. Pérez () · S. Rubio
Facultad de Ciencias, Laboratorio de Bioquímica Vegetal, Universidad de Chile,  
Casilla 653, Santiago, Chile
e-mail: frperez@uchile.cl

Introduction

It is well known that temperate fruit trees require exposure to low temperatures dur-
ing the winter to uniformly sprout in the spring. This chilling requirement (CR) is 
an important agronomic trait that is species dependent and genetically determined 
(Fans et al. 2010). A failure to achieve the CR in warm winter regions results in poor 
and uneven bud break (Erez 1995; Topp et al. 2008). Thus, the CR limits the geo-
graphical locations for growing temperate fruit trees (Sherman and Beckman 2003). 
Despite the importance of this agronomic trait, little is known about the mechanism 
by which low temperatures promote uniform bud break in temperate fruit trees. Be-
cause low temperatures have the dual effect of favoring endodormancy (ED) release 
and increasing cold hardiness (CH) in temperate fruit trees, it seems reasonable that 
insufficient chilling during the winter could extend the period of ED or impair the 
development of CH. One or both of these effects could be responsible for the irregu-
lar pattern of bud break observed in response to warm winter conditions.

Bud ED, or winter recess, in woody perennials is a physiological stage that en-
ables plants to survive long periods of adverse conditions. It is characterized by 
growth cessation, arrested cell division, and reduced metabolic and respiratory ac-
tivity (Arora et al. 2003). At the most fundamental level, bud ED can be considered 
the inability of meristems to resume growth under favorable conditions (Rohde and 
Bhalerao 2007). In grapevines ( Vitis vinifera L), as in other temperate fruit trees, 
the depth of bud ED is measured as the delay in sprouting of single-bud cuttings 
under forced conditions. The time required to reach 50 % of bud break (BR50) under 
forced conditions (Pérez et  al. 2007) is a widely used parameter for monitoring 
depth of bud ED.

In temperate regions, perennial species are able to increase their CH in response 
to low, non-freezing temperatures. This process is called cold acclimation which 
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involves the coordinated expression of thousands of genes to induce physiological 
and biochemical changes in the buds (Sakai and Larcher 1987). In grapevines, as 
in other perennial species, cold acclimation is accompanied by a decrease in the 
freezing point of intracellular water, a phenomenon known as supercooling (Gusta 
and Wisniewski 2013). Differential thermal analysis (DTA) has been widely used 
to measure the exotherms of deep supercooled buds. Two exotherms are generally 
observed in the cold-acclimated buds, a high-temperature exotherm (HTE) and a 
low-temperature exotherm (LTE); these correspond to the heat released during the 
freezing points of extracellular and intracellular water (Burke et al. 1976). In grape-
vine buds, lethal tissue damage takes place at temperatures below LTE (Pierquet 
and Stushnoff 1980; Mills et  al. 2006; Ferguson et  al. 2011). Such observations 
indicate that LTE can be considered a measure of the degree of CH. To gain further 
insights into mechanisms underlying the effects of low temperatures on uniform 
bud break, we analyzed the evolution of BR50 and LTE parameters during the an-
nual cycle of grapevine buds, determined the effect of low temperatures on these 
two parameters, and quantified starch content and expression of α-amylase genes 
( Vvα-AMYs) in single-bud cuttings.

Materials and Methods

Plant Material

Plant material was collected from 8-year-old ( Vitis vinifera L cv. Thompson seed-
less) vines growing in the experimental station of the Chilean National Institute of 
Agriculture Research (INIA), located in Santiago (33°34′ S latitude). For the forced 
bud break assay, canes were randomly collected every 2–3 weeks between De-
cember 11 and mid-August, and for exotherm determinations, buds were collected 
weekly between April 22 and August 27. Canes were cut at both ends, leaving the 
central section with 10–12 buds for the analyses.

Temperature Measurements

Temperature data records were obtained from the local weather station of the Na-
tional Institute of Agricultural Research (INIA, La Platina), which is located in the 
same location as the vineyards. Daily mean temperatures were used as inputs in the 
discrete dynamic model for estimating CH (Ferguson et al. 2011).

Bud Dormancy Status

On each collection date, 40 single-bud cuttings (10–12 cm length) were mounted 
on a polypropylene sheet and floated in tap water in a plastic container. The cuttings 
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were then transferred to a growth chamber set at 23 ± 2 °C with a 16-h photoperiod 
(forcing conditions). Bud break was assayed every 5 d for a period of 30 d. The 
appearance of visible green tissue at the tip of the bud was indicative of bud break. 
The depth of bud dormancy was determined using the BR50, which is an estimate 
of the mean time required to reach 50 % bud break under forced conditions (Pérez 
et al. 2007).

LTE Measurements

Dormant basal buds were collected weekly from field-grown grapevines from April 
22 to August 27 of 2012 and 2013. Single buds were placed directly on each ther-
moelectric module (TEM) of Kryoscan, a device used to perform DTA (Badelescu 
and Ernst 2006), and 16 buds were analyzed for each collection date. Exotherms 
were identified using a plot of the temperature output (x-axis) versus the TEM out-
put (mV) with Sigma Plot 10 software.

Starch Determinations

The starch content of buds was determined after ethanol extraction of the soluble 
sugars by acid extraction using the anthrone reagent (Hansen and Moller 1975)

RNA Purification and cDNA Synthesis

Total RNA was isolated and purified from grapevine buds (0.5–0.7 g−1 fr.wt) using a 
modified method of Chang et al. (1993), as described in Noriega et al. (2007). DNA 
was removed by treatment with RNAase-free DNAase (1 U/µg) (Invitrogen, CA, 
USA) at 37 °C for 30 min. First-strand cDNA was synthesized from 5 µg of purified 
RNA with 1 µL oligo(dT)12–18 (0.5 µg × µL−1) as primer, 1 µL dNTP mix (10 mM), 
and Superscript ® II RT (Invitrogen, USA).

Real-time Quantitative PCR

Real-time quantitative PCR (RT-qPCR) was performed using an Eco Real-Time 
PCR system (Illumina, Inc. SD, USA) using KAPA SYBR Fast Master mix 
(KK4602) and KAPA Taq DNA Polymerase (Kapa Biosystems, USA). Primers suit-
able for the amplification of 100–150-bp products for each gene under study were 
designed using the PRIMER3 software (Rozen and Skaletsky, 2000) (Table 10.1). 
The amplification of cDNA was performed under the following conditions: denatur-
ation at 94 °C for 2 min and 40 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 
45 s. Two biological replicates with three technical repetitions were performed for 

AQ1

AQ2
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each treatment. The induction or repression of transcription was calculated by the 
ΔΔCq method (Livak and Schmittgen, 2001) using VvUBIQUITIN as the reference 
gene. VvUBIQUITIN was selected as a reference gene because the transcript level 
was stable across the treatments.

Results and Discussion

The Development of CH and ED are Sequential Events  
in Grapevine Buds

In most perennial plants from temperate regions, ED and CH are overlapping pro-
cesses (Rohde and Bhalerao 2007). In V. vinifera, ED and CH are sequential events; 
the buds become endodormant in the late summer (Kühn et al. 2009) and develop 
CH in the late autumn (Fig. 10.1a). Moreover, these two processes are triggered 
by different environmental cues. The short-day (SD) photoperiod of late summer 
induces ED (Kühn et al. 2009; Pérez et al. 2009; Grant et al. 2013), whereas low 
temperatures in autumn induce CH. Salzmann et al. (1996) demonstrated that SD 
photoperiod at warm temperatures results in the development of ED but not CH in 
grapevine buds. Such data indicate that decreasing temperatures are necessary to 
induce CH. Although ED precedes CH in grapevine buds, it is not known whether 
the entrance of buds into ED is required for the further development of CH. A su-
perimposition of dormancy and LTE curves (Fig. 10.1a) revealed that LTE values 
began to decrease in late April; at this time, buds were fully endodormant and daily 
mean temperatures started to drop below 14 °C (Fig. 10.1b). However, these results 
do not indicate whether a relationship between CH and ED exists, since a decrease 
in temperatures could randomly coincide with ED.

Table 10.1   Primers used for real-time quantitative RT-qPCR experiments
VvNCDE1 GSVIVTO1038080001 5′ TTTGTGCAC-

GACGAGAAGAC 
3′

5′ AGGGAACTCGT-
GAGGGAAGT 3′

Vvα-AMY1 GSVIVT01031746001 5′ ACTCTGCAAC
ACTGGCCTTT 3′

5′ CCTCTTTCAGAC
CCCACTCA 3′

Vvα-AMY2 GSVIVT01020069001 5′ TGAAGC-
GAACTGAAGTG-
GTG 3′

5′ AGAAACACCCCAATG-
CAGAA 3′

Vvα-AMY3 GSVIVT01032922001 5′ GCCATTTC-
CACGAGATA-
AGC 3′

5′ CGGAGGCCAAAAT-
CATAGAA 3′

Vvα-AMY4 GSVIVT01008714001 5′ TGGCACAG-
GACAACTTTCAG 
3′

5′ TGAATGTGACAGCCCTT-
GAA 3′
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To analyze the effects of temperatures on dormant and non-dormant buds, single-
bud cuttings were collected on December 16 (non-dormant) and on June 11 (dor-
mant). Cuttings were exposed to low (5 °C) and ambient (14 °C) temperatures, and 
exotherms were measured over time. In dormant buds, two exotherms were detect-
ed. The LTE responded to temperature, decreasing at low temperatures and increas-
ing at ambient temperature (Fig. 10.2a). In non-dormant buds, only one broad large 
peak was detected that indicated the overlap of HTE and LTE. This single peak was 
observed at − 7 ± 1 °C and did not vary with temperatures (Fig. 10.2b). The results 
shown in Fig. 10.2a indicate that dormant buds can be cold-acclimated or deaccli-
mated depending on whether they were exposed to low or ambient temperatures. 
Conversely, non-dormant buds were not cold-acclimated when they were exposed 
to low temperatures (Fig. 10.2b). Interestingly, the ectopic expression of genes that 
impair the entrance of buds into ED, such as PHYTOCHROME A in hybrid aspen 
(Olsen et al. 1997) and FLOWERING LOCUS T in apples (Tränker et al. 2010) and 
in plum (Srinivasan et al. 2012), prevents cold acclimation. This suggests that the 
entrance of buds into ED is necessary for the further development of CH.

Low Temperatures Trigger ED Depth in Grapevines, but not ED 
Release

Single-bud cuttings were collected on April 26 (fully ED) and on June 26 (ED release). 
Cuttings chilled (5 °C) for 6 weeks had a delayed bud-break response under forced 
conditions (23 ± 1 °C, 16-h light) compared to non-cooled (14 °C) buds (Fig. 10.3). 
It is generally believed that low temperatures favor the release of grapevine buds 
from ED (Dokoozlian et al. 1995; Mathiason et al. 2009; Ben-Mohamed et al. 2010). 

Fig. 10.1   Comparison of daily mean temperature, endodormancy, and cold hardiness in grapevine 
buds. a The development of endodormancy ( ED) and cold hardiness ( CH) in grapevine buds dur-
ing the year 2013 in Santiago, Chile. b Daily mean temperatures in Santiago, Chile, during the 
year 2013. The depth of ED was determined as described previously (Pérez et al. 2007). CH was 
determined by measuring the low-temperature exotherm ( LTE) using Peltier modules
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Fig. 10.2   a Cold acclimation and deacclimation of dormant grapevine buds exposed to low (5 °C 
for 6 weeks) and ambient temperatures (14 °C for 6 weeks). Canes showing partial cold acclima-
tion were collected on June 11 after being exposed to 200 chilling hours ( CH) in the field. Cold 
acclimation was determined by measuring weekly the low-temperature exotherm ( LTE) in single 
buds. Values correspond to the average of 12 single buds, bars represent standard deviation, and 
(*) indicates significant differences at p < 0.05. b Low (5 °C for 6 weeks) and ambient (14 °C for 6 
weeks) temperature effects on the high-temperature exotherm ( HTE) in non-dormant buds. Canes 
were collected on December 16 at the paradormancy ( PD) stage. Values correspond to the average 
of 12 single buds, and bars represent standard deviation
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Our results indicate the opposite that depth of ED rather than release of ED is in-
creased by low temperatures. In previous studies, the lack of non-cooled samples as 
controls prevented drawing conclusions regarding the effect of time on bud-break 
response. In our study, the use of non-cooled samples as controls and their com-
parison with cooled samples eliminated time as a variable. Similar results were 
previously obtained by studying dormancy curves in two regions of Chile with dif-
ferent amounts of cold accumulation during the winter season (Pérez et al. 2007). 
In the above study, increased BR50 values were obtained in the region of Santiago, 
which accumulates 60 chilling portions (CP) during the winter season compared to 

Fig. 10.3   Low temperatures increased the depth of endodormancy ( ED) in single-bud cuttings 
of grapevines. Cooled (5 °C for 6 weeks) and non-cooled (14 °C for 6 weeks) single-bud cuttings 
were assayed for bud break under forced conditions (23 ± 1 °C, 16-h light), and the percentage of 
bud break and the BR50 were determined. Analyses were carried out with buds collected on April 
26 (fully endodormancy) and on June 26 (ED release). BR50 values and standard error were calcu-
lated by probit analysis (Minitab statistical software)
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the region of Coquimbo, which accumulates only 20 CP (Pérez et al. 2008) and has 
decreased BR50 values. These results indicate that an increase in cold accumulation 
is correlated with deeper ED. The SD photoperiod is the environmental factor that 
induces ED in grapevine buds (Kühn et al. 2009; Grant et al. 2013), and low tem-
peratures synergize its effect. As a deeper ED is achieved, the bud-break response 
becomes more homogeneous. Therefore, in grapevines, CR fulfillment may be cor-
related with a certain degree of ED depth.

CH in Grapevine Buds is a Reversible Phenomenon Dependent on 
Temperature and Stage of Dormancy

As mentioned above, the acquisition of CH in grapevine buds is triggered by low 
temperatures. However, CH develops only in buds that have reached the ED stage. 
Therefore, induction of grapevine bud ED by SD photoperiod is crucial for the 
further development of CH by low temperatures. In the absence of low tempera-
tures, dormant buds did not develop CH; this has been demonstrated by Salzman 
et al. (1996). In contrast with grapevines, the development of CH (temperatures of 
− 20 °C) in juvenile trees such as birch is first initiated by exposure to a SD pho-
toperiod. A second and deeper level of CH (freezing resistances down to − 70 °C) 
requires cold exposure (Rinne et al. 2001; Welling et al. 2002). In tropical regions, 
where the photoperiod remains constant over the year, the vine remains active and 
does not enter into recess or ED (Possingham 1992). The sprouting of buds under 
such conditions is poor, and irregular and chemicals are often required to overcome 
these limitations (Possingham 1994). Thus, under tropical conditions, buds do not 
achieve ED or cold-acclimate and the lack of development in one or both of these 
processes could account for the poor and irregular sprouting.

Low Temperatures Stimulate Starch Breakdown and Activation  
of Vvα-AMYs in Grapevine Buds

Starch accumulates in grapevine buds during the ED period. In Santiago, Chile buds 
enter into ED at the end of January (Kühn et al. 2009); at this time, the starch level 
was 20.8 ± 2.6 mg × g−1 fr.wt. On April 26 (fully ED), the starch level increased to 
30.5 ± 3 mg × g−1 fr.wt and continued to increase until the onset of low temperatures. 
A concentration of 60 ± 5  mg × g−1 fr.wt. was reached in June. In buds collected 
on April 26 (fully ED) and exposed to low temperatures, the starch content was 
reduced significantly compared to non-cooled buds (Fig. 10.4). After 3 weeks of 
cold exposure, approximately 18.6 mg × g−1 fr.wt of starch was consumed in cooled 
buds, whereas only 4.12 mg × g−1 fr.wt was consumed in non-cooled buds. In buds 
collected on June 26 (ED release), the content of starch was also reduced by low 
temperatures. After 3 weeks of cold exposure, 23.7 mg × g−1 fr.wt of starch was con-
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Fig. 10.4   Low temperatures induced starch hydrolysis in grapevine buds. Buds were collected 
on April 26 (fully endodormant) and exposed to low (5 °C for 3 weeks) and ambient temperatures 
(14 °C for 3 weeks). Buds collected on June 26 (ED release) were exposed to low (5 °C for 6  
weeks) and ambient temperatures (14 °C for 6 weeks). Values are the average of three replicates, 
and bars correspond to standard deviations
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sumed in cooled buds, whereas in non-cooled buds, only 5.4 mg × g−1 fr.wt of starch 
was consumed (Fig. 10.4).

An increase in starch-degrading enzymes with a subsequent accumulation 
of soluble sugars was found in Arabidopsis during a period of cold acclimation 
(Maruyama et al. 2009). In potato tubers, it was reported that cold-induced sweet-
ening (CIS) is fueled by starch-derived hexoses; gene expression and the enzy-
matic activity of these starch-degrading enzymes are induced by low temperatures 
(Bagnaresi et al. 2008). Likewise, in crown buds of leafy spurge, an herbaceous 
perennial, an inverse relationship developed between starch and soluble sugar con-
tent during the autumn-induced shift from para- to ED and soluble sugar continued 
to increase through the cold-induced transition to ecodormancy (Anderson et  al. 
2005). In grapevine buds collected at the fully ED stage (April 26) and the ED-
release stage (June26), the expression of Vvα-AMY genes was up-regulated after 
prolonged exposure to low temperatures (Figs. 10.5, 10.6). Of the four Vvα-AMY 
genes that are expressed in grapevine buds, Vvα-AMY2 was the most up-regulated 
by low temperatures (Figs. 10.5, 10.6).

Interestingly, it has been reported that in Vitis amurensis, Vvα-AMY2 is strongly 
up-regulated after 8 h of cold exposure. In V. vinifera cv Muscat of Hamburg, this 
gene is not up-regulated. Vitis amurensis is a wild grapevine species with remark-
able cold tolerance, exceeding that of V. vinifera (Zhang et al. 2013; Xin et al. 2013). 
After such a short period of cold exposure, it seems reasonable that cold-resistant 
genes such as Vvα-AMY2 express earlier and at greater levels in vines most resis-
tant to cold (Xin et al. 2013). The plant hormone gibberellic acid (GA3), which is 
a common inducer of amylase genes in cereals (Bethke et al. 1997), did not induce 
Vvα-AMY1 and Vvα-AMY2 (Rubio et al. 2014), which were the most highly induced 
by low temperatures (Figs. 10.5, 10.6). Because the dormancy-breaking compound 
hydrogen cyanamide (H2CN2) induced the expression of Vvα-AMY1 and Vvα-AMY2 
(Rubio et al. 2014), these two genes could be involved in the bud-break response in 
grapevines. Based on these results, it can be concluded that the induction of Vvα-
AMY genes by cold winter temperatures is an important factor in the degradation of 
starch and the subsequent accumulation of sugars. Sugar accumulation prior to bud 
break can be of great importance for sprouting, as sprouting is a process with a large 
energy requirement. In areas that lack cold winters, a negative effect on bud sprout-
ing could be due to a lower accumulation of sugars in the bud prior to bud break.

ABA Mediates the Effect of Low Temperatures on Increasing CH 
and ED Depth

The phytohormone abscisic acid (ABA) is considered a central regulator of abi-
otic stress resistance in plants. ABA coordinates a complex regulatory network en-
abling plants to cope with decreases in water availability (Cutler et al. 2010; Kim 
et al. 2010). ABA content increases significantly in plants under drought or salinity 
stress conditions. Such an increase stimulates stomatal closure, changes in gene 
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expression, and the accumulation of osmo-compatible solutes, thus improving the 
plant’s ability to cope with stress conditions (Seki et al. 2007; Cutler et al. 2010; 
Kim et  al. 2010). ABA also plays important roles during plant development, as 
it is involved in embryo and seed development, the promotion of seed dormancy 
(Finkelstein et al. 2008), and the acquisition of CH. In V. vinifera cv Cabernet franc 
grapevines, the exogenous applications of ABA at different developmental stag-
es corresponding to veraison (the onset of ripening) and 20, 30, 40, and 55 days 

Fig. 10.5   The expression of Vvα-AMY1 and Vvα-AMY2 was up-regulated after the prolonged 
exposure of grapevine buds to low temperatures. Buds were collected on April 26 (fully endodor-
mant) and exposed to low (5 °C for 6 weeks) and ambient (14 °C for 6 weeks) temperatures. Gene 
expression analysis was performed by RT-qPCR using VvUBIQUITIN as a reference gene. Values 
are the average of three biological replicates, and bars correspond to standard deviations
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post-veraison and at concentrations ranging between 1.5 and 2.5 mM enhance dor-
mancy and increase CH (Zhang and Dami 2012). In this study, the applications of 
0.1 mM ABA to single-bud cuttings of V. vinifera cv Thompson seedless collected 
on April 22 (fully ED) increased CH compared to non-treated cuttings; significant 
differences were observed after 3 weeks of cold treatment (Fig. 10.7a). The gene 
VvNCED1, which encodes for a key enzyme in the ABA biosynthetic pathway, was 
also up-regulated by 3 weeks of cold exposure (Fig. 10.7b). This result suggests that 

Fig. 10.6   The expression of Vvα-AMY1, Vvα-AMY2, and Vvα-AMY4 was up-regulated after 
the prolonged exposure of grapevine buds to low temperatures. Buds were collected on June 26 
(endodormant release) and exposed to low (5 °C for 6 weeks) and ambient (14 °C for 6 weeks) 
temperatures. Gene expression analysis was performed by RT-qPCR using VvUBIQUITIN as a 
reference gene. Values are the average of three biological replicates, and bars correspond to stan-
dard deviations
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Fig. 10.7   Abscisic acid ( ABA) synergizes the effect of low temperatures to increase cold hardi-
ness ( CH). a Single-bud cuttings collected on April 22 (fully endodormant) were separated in two 
groups: one group was treated with 0.1 mM ABA, and the other group was treated with water as 
a control. Both groups were placed in the refrigerator for 5 weeks, and ten samples were retired 
weekly for LTE measurements. Values are the average of ten buds, and bars correspond to standard 
deviations. b Gene expression analysis of VvNCED1 in grapevine buds exposed to low (5 °C for 
6 weeks) and room (14 °C for 6 weeks) temperatures. Analysis was performed by RT-qPCR using 
VvUBIQUITIN as a reference gene in buds collected on June 26 and exposed to low (5 °C for 6 
weeks) and ambient (14 °C for 6 weeks) temperatures. Values are the average of three biological 
replicates, and bars correspond to standard deviations
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the observed increases in CH and ED depth, as a result of low temperatures, could 
involve ABA biosynthesis and signaling mechanisms.

Conclusions

In conclusion, we report that ED and CH are dynamic physiological states in se-
quentially passing grapevine buds. Both states are induced by different environ-
mental signals; ED is induced by SD photoperiod, while CH is induced by low 
temperatures. Only dormant buds develop CH, indicating that buds need to reach a 
state of ED before low temperatures can induce CH. Low temperatures increased 
ED depth, CH, and starch breakdown in grapevine buds, suggesting that the stimu-
lation of any of these factors, or all three, would be necessary for buds to sprout 
evenly in the spring. Finally, we conclude that the effect of low temperatures on 
homogeneous bud sprouting could involve ABA biosynthesis and signaling.
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Introduction

The potato ( Solanum tuberosum L.) tuber is a swollen underground stem formed by 
swelling of subapical underground stolons (Harris 1992). As the tuber elongates, a 
growing number of lateral bud meristems (termed eyes) are formed in a spiral ar-
rangement on its surface (Goodwin 1967). After harvest, tuber buds are generally 
dormant and will not sprout or grow, even if the tubers are placed under optimal 
conditions for sprouting (i.e., warm temperature, darkness, high humidity). The 
dormancy observed in postharvest potato tubers is defined as endodormancy (Lang 
et al. 1987) and is due to an unknown endogenous signal(s) that mediates suppres-
sion of meristem growth (Suttle 2004b). Dormancy is thought to be a physiologi-
cal adaptation to intermittent periods of environmental limitations and is therefore 
a survival mechanism that prevents sprouting when tubers would be exposed to, 
for example, extreme temperatures (Suttle 2007). The duration of endodormancy 
is primarily dependent on the genotype, but other factors, such as environmental 
conditions during the crop growth and storage conditions after tuber harvest, are 
also important (Turnbull and Hanke 1985; Wiltshire and Cobb 1996). Following a 
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transition period of between 1 and 15 weeks depending on storage conditions and 
genotype, dormancy is broken and apical buds start to grow (Wiltshire and Cobb 
1996). Typically, one eye/sprout becomes dominant and inhibits the growth of the 
other eyes that are ecodormant (meristem arrested by external environmental fac-
tors) (Suttle 2007). Tubers stored at optimal temperature (~ 14 °C) will sprout weeks 
before those stored in the cold, typically (but not always) with a single long bud. 
Tuber sprouting is usually initiated from its apical bud, located distal to the tuber–
stolon junction. Although the potato tuber is used as a model system for the study of 
metabolic processes associated with dormancy progression, sprouting, and aging, 
very few studies have been done on the regulation of apical dominance (AD) during 
these processes (Michener 1942; Kumar and Knowles 1993; Holmes et al. 1970).

Hormonal Regulation

Hormonal control of tuber dormancy release and sprouting has been investigated 
in several studies but is still incompletely understood (reviewed by Sonnewald and 
Sonnewald 2014). The degree of each bud’s autonomy in terms of timing of dor-
mancy release and sprouting, and its interactions with other buds on the same tu-
ber, is still unclear. Endogenous plant hormones and their relative balance within 
the tuber are suggested to regulate endodormancy progression, bud activation, and 
sprouting (Turnbull and Hanke 1985; Suttle 2004a; Sorce et al. 2009; Hartmann 
et al. 2011; Suttle 2009; Ji and Wang 1988).

In general, abscisic acid (ABA) and ethylene have been mainly linked to the on-
set and maintenance of tuber dormancy (Suttle and Hultstrand 1994; Suttle 2004b). 
Levels of ABA are highest in deeply dormant tubers and decline during storage 
(Destefano-Beltran et al. 2006b; Biemelt et al. 2000). Molecular analysis has indi-
cated that the expression of genes associated with the catabolism of ABA correlates 
with dormancy release of bud meristems in potato tubers (Simko et al. 1997; Deste-
fano-Beltran et al. 2006b; Ewing et al. 2004; Campbell et al. 2010). Nevertheless, 
continuous exposure to diniconazole (an inhibitor of ABA catabolism) had no effect 
on microtuber dormancy duration and exposure to 8'-acetylene ABA during micro-
tuber development significantly increased the sprouting rate. This suggests that al-
though a decrease in ABA content is a hallmark of tuber dormancy progression, the 
decline in ABA levels is not a prerequisite for dormancy release (Suttle et al. 2012).

Gibberellins (GAs) and cytokinins (CKs) have been associated with dormancy 
release and sprouting in postharvest potato tubers or their detached buds (Hartmann 
et al. 2011; Rentzsch et al. 2011; Suttle 2004a). By applying 6-benzylaminopurine 
(a synthetic CK), Hartmann et al. (2011) concluded that CK stimulates bud break 
and an additional dose of GA3 is needed to induce further growth. GAs are induc-
ers of bud activation and elongation after dormancy release, but their endogenous 
levels are probably not associated with maintenance of dormancy (Suttle 2004a; 
Hartmann et  al. 2011). The endogenous contents of GA19, GA20, and GA1 were 
relatively high immediately after harvest, declined during storage, and rose to their 
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highest levels during the period of robust sprout growth (Suttle 2004a). Interesting-
ly, at the time of initial sprouting, internal levels of these bioactive GAs were lower 
than those found in deeply dormant tubers (Suttle 2007). Hartman et  al. (2011) 
showed that transgenic potato plants with modified GA biosynthesis—expressing 
Arabidopsis GA 20-oxidase under the control of the chimeric STLS1/CaMV35 pro-
moter—exhibit early tuber sprouting. These results showed that endogenous GA is 
able to terminate tuber dormancy and promote sprout outgrowth.

Biologically active cis- and trans-CKs increase over time in dormant potato tis-
sues, suggesting a role for this class of hormones in bud activation (Suttle 2009; 
Hartmann et al. 2011). Expression of isopentenyltransferase from Agrobacterium 
tumefaciens in potato tubers to enhance endogenous CK levels, or cytokinin oxi-
dase/dehydrogenase 1 (CKX) to reduce them, produced an earlier sprouting pheno-
type compared to the wild type or a prolonged dormancy period, respectively (Hart-
mann et al. 2011). This result supports an essential role for CKs in bud activation 
and shows that GA alone is not sufficient to break dormancy in the absence of CK.

Exogenous application of auxin, as indole-3 acetic acid (IAA) or 1-naphthale-
neacetic acid, has a dual effect, with high doses inhibiting and low doses stimulat-
ing tuber bud growth (Suttle 2007; Hemberg 1985). There is evidence that the most 
abundant naturally occurring auxin, IAA, is at its highest level at the early stages 
of tuber dormancy and later decreases in the buds during storage (Sorce et al. 2000; 
Sorce et al. 2009; Sukhova et al. 1993). Feeding experiments have indicated that 
changes in IAA biosynthesis are a major cause of auxin variation in buds (Sorce 
et al. 2009). In dormant buds from freshly harvested tubers, the free IAA was found 
to accumulate mostly in the apical meristem, leaf, and lateral bud primordia, and 
in the differentiating vascular tissues underlying the apical meristem, whereas at 
the end of the storage period, only lateral bud primordia from growing buds dis-
played appreciable auxin levels (Sorce et al. 2009). Since AD is gradually lost dur-
ing storage, auxin might be the link between bud activation and subsequent AD. 
Strigolactones have an inhibitory effect as well, with the synthetic strigolactone 
GR24 inhibiting the sprout-inducing activity of CK and GA in combined applica-
tion (Pasare et al. 2013).

Tuber Sweetening and Sprouting

During tuber development, the storage parenchyma converts soluble assimilates 
(i.e., sucrose and amino acids) into polymeric reserves (starch and storage proteins, 
respectively Prat et al. 1990; Visser et al. 1994). At maturity, over 70 % of tuber 
carbohydrate is sequestered as starch, which must be converted into transport-com-
patible solutes for sprouting initiation and growth (Sonnewald 2001; Viola et al. 
2007). Within the tuber, a rapid shift from storage metabolism (starch synthesis) 
to reserve mobilization accompanies sprouting and suggests a transition from sink 
to source. Sucrose synthesis appears as a dominant anabolic pathway in the stor-
age parenchyma of dormant and sprouting tubers (Viola et al. 2007). Cold-induced 
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sweetening (CIS), a result of the accumulation of reducing sugars in cold-stored 
potato tubers, has been mainly studied for its relation to potato processing (Dale 
and Bradshaw 2003; Sowokinos 2001). Another form of reducing-sugar accumu-
lation is sugar-end defect formation, which is typically associated with exposure 
of the plant to high temperatures during tuber initiation and bulking (Sowokinos 
et al. 2000; Kincaid et al. 1993). This form of reducing-sugar accumulation does 
not require low-temperature storage of tubers and cannot be removed by recondi-
tioning at relatively warm temperatures, as can CIS (reviewed by Thompson et al. 
2008). During CIS, sucrose synthesis increases, and some of it is transported to the 
vacuole where it is hydrolyzed to glucose and fructose (Isla et al. 1998; Sowokinos 
2001; Isherwood 1973). In most common types of sugar-end defect, there is greater 
accumulation of reducing sugars at the tuber stem end than in the tuber apical bud 
complex, where the TAM is located (Iritani et al. 1973).

Viola et al. (2007) suggested that sprout growth is initially prevented by substrate 
limitation mediated via the symplastic connection in each bud. A recent additional 
discovery is that sugars, rather than auxin, are necessary and sufficient to regulate 
the earliest stages of bud outgrowth in pea plants following decapitation (Mason 
et al. 2014). The demand for sugars by the intact shoot tip was shown to override 
the effects of auxin depletion by preventing the initial outgrowth of axillary buds.

AD in Potato Tubers

AD in potato tubers results in control of the apical bud over lateral bud outgrowth. It 
is similar to the AD condition exerted by the shoot tip in many different plants (for 
review see Dun et al. 2006; Leyser 2009; Phillips 1975; Cline 1991). Cline (1997) 
suggested that AD and its release may be divided into four developmental stages: 
lateral bud formation (stage I), imposition of inhibition (AD; stage II), initiation of 
lateral bud outgrowth following decapitation (stage III), and subsequent elongation 
and development of lateral buds into branches (stage IV). He suggested that there 
is some overlap between the four stages and that the degree of inhibition imposed 
in stage II may vary among species (Cline 1997). In this review, a modified devel-
opmental process is suggested that starts with TAM activation following dormancy 
release, and subsequently, the TAM becomes dominant over lateral buds only after 
they are activated (Fig. 11.1).

Michener (1942) showed that when the intact potato tuber begins to grow after 
dormancy release, one or more apical buds grow, but the lateral buds usually do 
not. If, however, lateral buds and apical buds are excised, both start to grow at 
the same time. Moreover, in non-dormant tubers, any first-growing, large bud usu-
ally inhibits the growth of the later-growing, smaller ones (Michener 1942). Teper-
Bamnolker et al. (2012) observed three main types of AD loss in stored potato: loss 
of dominance of the apical buds over those situated more basipetally on the tuber 
(“type I”), loss of dominance of the main bud in any given eye over the subtending 
axillary buds within the same eye (“type II”), and loss of dominance of the develop-
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ing sprout apical meristem over more basal buds, meaning that side stems do not 
emerge from the base of the sprout as in type II (“type III”).

Type I loss of dominance has been shown to exhibit classical stem-like behavior, 
but the developing apical bud suppresses only mature or dormancy-released buds. 
Removing the apical bud induces early sprouting of all other mature buds in the 
same tuber; after 30, 60, and 90 days in cold storage, an average of 1, 2, and 9 buds 
sprouted, respectively (Teper-Bamnolker et al. 2012), suggesting the need for each 
bud to reach maturity and autonomous dormancy release before it is controlled by 
the TAM (Fig. 11.1). Cline (1997) distinguished between initiation of axillary bud 
growth and subsequent axillary shoot elongation, which may be under the control of 
different hormone factors, as shown by Hartmann et al. (2011). Removal of a lateral 
meristem complex or wounding between buds did not impact AD or sprouting rate 
(Teper-Bamnolker et  al. 2012). These experiments emphasize the importance of 
TAM presence and viability in the control of lateral bud meristem growth, before 
sprouting is observed.

AD and Tuber Physiological Age

The physiological age of the seed tuber is the physiological stage influencing its 
sprouting behavior (Struik 2007). The physiological status of a seed tuber at any 
given time is determined by genotype, chronological age, and environmental condi-
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Fig. 11.1   Schematic representation of dormancy release and loss of apical dominance (AD) as a 
result of potato tuber storage. Tuber apical meristem (TAM)
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tions from tuber initiation until new plant emergence (reviewed by Caldiz 2009). 
Struik (2007) suggested that the summed temperature during storage is the predom-
inant factor affecting physiological aging, although its effect is moderated by light 
conditions and genetic factors. The physiological age of seed tubers affects future 
crop performance, i.e., stem emergence rate, percentage of emergence, number of 
emerged stems per mother tuber, time to tuber initiation, crop vigor and growth, 
dry matter distribution, and tuber yield (O’Brien et al. 1983; Vakis 1986; Van Loon 
1987; Moll 1994).

Sprouting behavior is one of the earliest morphophysiological indicators of a 
seed physiological age. Krijthe (1962) described four stages of sprouting shape in 
storage after dormancy is released: (i) AD where only one sprout develops, (ii) ad-
ditional multiple buds sprouting as a result of reduced AD, (iii) branching of the 
sprouting stems, and (iv) in the aging mother tubers, sprout replacement by daugh-
ter tubers.

Sprouting Control and AD

Previous studies have shown that immediately after harvest, during their dormant 
period, potato tubers cannot be induced to sprout without some form of stress or 
exogenous hormone treatment (Struik and Wiersema 1999; Suttle 2009; Hartmann 
et al. 2011). On a large commercial scale, Rindite (a mixture of ethylene chloro-
hydrin, ethylene dichloride, and carbon tetrachloride) (Rehman et al. 2001), bro-
moethane (BE) (Coleman 1984), CS2 (Meijers 1972; Salimi et al. 2010), and GA3 
(Rappaport et al. 1957) have been used to break seed tuber dormancy. Michener 
(1942) found that in dormant tubers treated with ethylene chlorohydrin, much of the 
auxin disappears. Auxin then reappears within 2 to 3 days after treatment termina-
tion. Michener (1942) also observed loss of AD after the chemical treatment and its 
restoration by application of IAA to the apex of the tubers. He concluded that auxin 
inhibits bud growth in the dormant tuber and that removal of the auxin by the action 
of ethylene chlorohydrin allows growth to proceed.

The phytotoxic chemical BE shortens the natural dormancy period from 2–4 
months to approximately 10 days (Campbell et al. 2008; Alexopoulos et al. 2009; 
Destefano-Beltran et  al. 2006a). Campbell et  al. (2008) observed that transcript 
profiles during BE-induced cessation of dormancy are similar to those observed in 
natural dormancy release, suggesting that both follow a similar biological pattern 
during this transition. Thus, BE treatment can be used to compress and synchronize 
release from the dormant period, which is an advantage from an experimental stand-
point (Campbell et al. 2008). Teper-Bamnolker et al. (2012) showed that BE appli-
cation induces early sprouting in freshly harvested “Nicola” and “Désirée” tubers, 
as well as loss of AD. Buds surrounding the apical buds tended to grow faster than 
those located in more distant segments of the tuber. Loss of type I AD as a result of 
BE treatment was followed by loss of type III dominance, expressed as excessive 
branching of the growing shoots (Teper-Bamnolker et al. 2012). Teper-Bamnolker 
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et al. (2010) showed that very low doses of the sprout inhibitor R-carvone can also 
induce early sprouting and loss of AD. Whereas high doses of this inhibitor were 
shown to damage cell membranes in the apical meristem, no such damage was de-
tected when the sprout-inducing low dose was used, suggesting a signaling effect 
(Teper-Bamnolker et al. 2010). At both R-carvone doses, the final result was loss of 
all types of AD when the tuber sprouted, leading to a bushlike pattern of growing 
buds.

The mode of action of phytotoxic chemicals in inducing dormancy release and 
altering apical bud dominance is poorly understood. Teper-Bamnolker et al. (2012) 
proposed programmed cell death (PCD) in the TAM as one of the mechanisms regu-
lating AD. Hallmarks of PCD were identified in the TAM during normal growth, 
and these were more extensive when AD was lost following either extended cold 
storage or BE treatment. Hallmarks included DNA fragmentation, induced gene 
expression of vacuolar processing enzyme 1 (VPE1), and elevated VPE activity 
(Teper-Bamnolker et al. 2012). Treatment of tubers with BE and then VPE inhibitor 
induced faster growth and AD recovery in detached and non-detached apical buds, 
respectively, suggesting that PCD is associated with weakening of tuber AD, allow-
ing early sprouting of mature lateral buds (Teper-Bamnolker et al. 2012).

Cold storage is the main tool used worldwide to delay sprouting of stored tu-
bers. When the tuber is exposed to cool temperatures during its dormancy period, 
the number of sprouting buds after dormancy is released increases with time of 
exposure. In other words, an increase in the number of weeks of exposure to cool 
temperatures reduces AD (Struik 2007). Fauconnier et al. (2002) found that AD can 
last for up to approximately 60 days in storage in cvs. Bintje and Désirée. Between 
60 and 240 days of storage, sprout number per tuber increased linearly with time 
due to loss of AD. Low temperature (4 °C as compared to 12 °C) reduces sprouting 
capacity and AD and increases the number of stems when the tubers eventually do 
sprout (Hartmans and Van Loon 1987).

To date, none of the sprouting control agents studied in potato have been shown 
to delay loss of AD. Dyson and Digby (1975) suggested that calcium is necessary 
to maintain AD of the sprout and prevent some of the changes attributed to physi-
ological aging. Calcium application probably delays loss of AD by preventing the 
subapical necrosis typical to sprouting of potato tubers in dark storage.

Conclusions and Perspectives

The number of stems emerging from the soil is affected by mother tuber genetics, 
growing, and storage conditions. Dormancy release, AD, and stem branching are 
sequential events that are probably affected by hormonal regulation and the avail-
able energy in the tuber’s storage tissue. Potato tubers exhibit AD behavior that is 
very similar to that of other stems. Apical bud dominance may serve as a marker for 
tuber physiological age. However, it can be altered by a number of abiotic stresses, 
including storage temperature and chemical sprouting control agents. Some of these 



194 D. Eshel

factors have been shown to induce PCD in the potato TAM. Decapitation experi-
ments performed with sprouting tubers have shown the importance of keeping the 
TAM cells viable for maintenance of AD. Controlling seed tuber stem number is 
desirable for optimization of daughter tubers’ size distribution (for seed tubers, table 
use, or processing).
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Introduction

Dormancy in Underground Adventitious Buds of Leafy Spurge

Leafy spurge ( Euphorbia esula L.) is a herbaceous perennial that is not consid-
ered invasive in its native range of Europe and Asia. However, after introduction 
through shipping, commerce, and migration of immigrants in the eighteenth and 
nineteenth centuries, it has become an invasive weed in North American ecosys-
tems (Chao and Anderson 2004). Reproduction and spread occurs by both seeds 
and underground adventitious buds (UABs, commonly referred to as crown and 
root buds; see Fig. 12.1). However, the perennial nature of leafy spurge is attributed 
to vegetative production from an abundance of UABs that undergo well-defined 
phases of seasonally induced para-, endo- and ecodormancy (Anderson et al. 2005), 
which help optimize distribution of new shoots from the soil bud bank over time 
(Anderson et al. 2010). Because dormancy in UABs involves arrested development 
of the shoot apical meristems (Horvath et al. 2003; Horvath and Anderson 2009), 
similar to that reported in buds of perennial tree species (Cooke et al. 2012; Rinne 
et al. 2010; Rohde and Bhalerao 2007), it is a key factor allowing herbaceous pe-
rennial weeds to escape many control measures and periods of severe abiotic stress 
(Anderson et al. 2001, 2010; Doğramacı et al. 2014).

As defined by Lang et al. (1987), paradormancy and ecodormancy involve growth 
cessation controlled by physiological and environmental factors, respectively, 

Mention of trade names or commercial products in this publication is solely for the purpose of 
providing specific information and does not imply recommendation or endorsement by the U.S. 
Department of Agriculture. USDA is an equal opportunity provider and employer.
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external to the affected structure, whereas endodormancy involves growth cessa-
tion controlled by physiological factors internal to the affected structure. The en-
vironmental parameters required for inducing well-defined phases of dormancy in 
UABs of leafy spurge have previously been determined under field (Anderson et al. 
2005) or controlled environmental conditions (Foley et al. 2009). As illustrated in 
Fig.  12.1, the transition from para- to endodormancy coincides with senescence 
of the aerial tissues, which is induced by decreasing photoperiod and temperature 
during the seasonal transition to autumn, or by extended periods of dehydration 
alone. The transition from endo- to ecodormancy requires an extended period of 
cold temperatures and usually occurs in late November to early December in the 
Northern Hemisphere. The discovery that transition from endo- to ecodormancy is 
also the point at which crown buds become flower competent (Anderson et al. 2005; 
Foley et al. 2009) provided evidence to support the hypothesis that cross-talk occurs 

Aerial buds 
& leaves

UABs

Crown buds

Root buds

Auxin & Sugar

Para- to endo-dormancy transition 

senescence 

Reduced photoperiod & temp.

Soil level

Ethylene 
signaling 

16:8 h (LP)

25oC

8:16 h (SP)

10-14oC

Dehydration (constant light & temp.)16:8 h (LP)

25oC

16:8 h (LP)

25oC

Fig. 12.1   Diagram of leafy spurge anatomy and environmental factors associated with transition 
from para- to endodormancy. Underground adventitious buds (UABs) are located on the under-
ground stem (crown buds) and on the lateral roots (root buds). Basipetal movement of leaf-derived 
sugar and auxin under long photoperiod (LP) and growth-conducive temperature maintains 
paradormancy in UABs. A shift from long to short photoperiod (SP) and summer to autumn 
temperatures (°C), or extended periods of severe dehydration stress, induces senescence of aerial 
tissues, reduces sugars and auxin signaling from the aerial tissues, and coincides with a transition 
of UABs from a state of para- to endodormancy
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between mechanisms regulating both dormancy and flowering (Horvath 2009; Hor-
vath et al. 2003). Based on average seasonal bare soil temperatures in Fargo, North 
Dakota, the transition of leafy spurge UABs from para- to endodormancy generally 
occurs at ~10–15oC and the transition from endo- to ecodormancy generally occurs 
at ~0oC under natural field conditions (Anderson et al. 2005).

A report by Mason et al. (2014) provides evidence that the preference for parti-
tioning of leaf-derived sugar to growing shoot tips plays a pivotal role in regulating 
axillary bud outgrowth in pea ( Pisum sativum L.). Specifically, their results indicate 
that sugar, not polar auxin transport from the apical meristem, is the early signaling 
mechanism regulating axillary bud outgrowth through repression of BRANCHED1 
( BRC1) by sucrose, at least in an annual species such as pea. These results are some-
what consistent with a leaf-derived signal also being involved in regulating para-
dormancy in UABs of leafy spurge (Horvath 1999; Horvath and Anderson 2000) as 
illustrated in Fig. 12.1. However, starch appears to be the main total non-structural 
carbohydrate (TNC) observed in leaves, stems, and UABs of leafy spurge during 
the paradormant period of June–September (Gesch et  al. 2007). During autumn-
induced senescence, photosynthetic capacities of aerial tissues dissipate and UABs 
transition from para- to endodormancy (Fig. 12.1) and the amount of TNC decrease 
in aerial shoots (leaves and stems) and increase in UABs (Gesch et al. 2007). How-
ever, in UABs, the increase in TNC is also paralleled by a shift from starch to 
sucrose (Anderson et al. 2005). Collectively, these results provide support for a leaf-
derived sugar signal regulating dormancy in both annual and herbaceous perennial 
species, but sucrose appears to induce, not repress, bud dormancy in UABs of leafy 
spurge. This observation is further supported by a study demonstrating that exog-
enous application of sucrose to leafy spurge roots inhibited initiation of new shoot 
growth from paradormant UABs, whereas application of gibberellic acid (GA) was 
able to override this inhibitory effect (Chao et al. 2006).

However, auxin still appears to have a role in the regulation of paradormancy 
through apical dominance, because UABs of leafy spurge will not initiate new veg-
etative shoots unless all aerial tissues, including leaves, stems, and all meristems, are 
removed, whereas removing just leaves from aerial tissue of leafy spurge induced ex-
pression of GA-responsive ( GA-STIMULATED ARABIDOPSIS), glucose-responsive 
( BINDING PROTEIN), and cell cycle ( HISTONE H3 and CYCLIN D3-2) genes in 
UABs (Horvath and Anderson 2002; Horvath et al. 2002, 2005). These studies led to 
a proposed model (Horvath et al. 2002, 2003) for two organ-specific signals to regu-
late paradormancy in UABs that include (1) a photosynthetic-dependent, leaf-derived 
signal (sugar) impacting GA perception to block the G1/S phase of the cell cycle and 
(2) meristem-derived signaling (auxin) inhibiting the G2/M phase of the cell cycle.

Leafy Spurge as a Model for Studying Well-Defined Phases  
of Dormancy

Global transcriptome profiling provided a comprehensive approach to investigate 
components of molecular mechanisms during well-defined phases of environmen-
tally induced dormancy in UABs. Indeed, development of Euphorbiaceae-specific 
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microarrays (> 23,000 elements) from EST databases (Anderson et al. 2007; Lokko 
et al. 2007) led to the first reports describing molecular processes for well-defined 
phases of dormancy in invasive weeds under field (Horvath et al. 2006, 2008) or 
controlled environments (Doğramacı et al. 2010). To eliminate environmental vari-
ability under field conditions, standardized growth chamber conditions for follow-
up transcriptome studies included exposing 3-month-old greenhouse-propagated 
plants to a ramp down (RD) in photoperiod (16-h → 8-h light) and temperature (27 
→ 10 °C) over 12 weeks. This treatment induced a para- to endodormant transition 
in UABs, whereas an additional 8–12 weeks of vernalizing cold treatment (5–7 °C) 
induced a transition from endo- to ecodormancy (Foley et al. 2009). However, leafy 
spurge plants exposed to a RD in temperature alone (RDt; 27 → 10 °C) under a 
constant photoperiod of 16 h (Doğramacı et al. 2013) or a RD in photoperiod alone 
(RDp; 16-h → 8-h light) at a constant temperature of 26oC (Foley et al. 2009) did 
not induce endodormancy in UABs. Additionally, exposing leafy spurge plants to 
14 days of continuous dehydration induced a transition from para- to endodormancy 
in UABs (Doğramacı et al. 2014), whereas short-term (3 days) dehydration induced 
growth competence in UABs, which were previously forced into endodormancy by 
the RDtp treatment (Doğramacı et al. 2011).

In other perennial systems, growth cessation, bud set, and bud dormancy in Pop-
ulus spp. (Welling et  al. 1997), birch ( Betula papyrifera; Downs and Bevington 
1981), and grape ( Vitis riparia; Fennel and Hoover 1991) are influenced by photo-
period, whereas in apple ( Malus spp.), pear ( Pyrus spp.; Heide and Prestrude 2005), 
and grape ( V. vinifera; Fennel and Hoover 1991), they are influenced by tempera-
ture alone, but in peach ( Prunus persica), apricot ( P. mume; Yamane 2014), sour 
cherry ( P. cerasus), and sweet cherry ( P. avium; Heide 2008), they are influenced 
by both photoperiod and temperature. More comprehensive reviews describing the 
influence of environmental factors on growth cessation, bud set, and induction and 
release of bud dormancy in perennial systems including forest trees, fruit trees, 
shrubs, vines, and forbs are available (Anderson et  al. 2010; Cooke et  al. 2012; 
Horvath 2009; Horvath et al. 2003; Rios et al. 2014; Rohde and Bhalerao 2007; 
Tanino et al. 2010). However, because the transition to endodormancy is critical for 
inhibiting new vegetative shoot growth from UABs during autumn, when condi-
tions can still be conducive for growth, our focus is to identify molecular processes 
involved in induction and maintenance of endodormancy. Results from such studies 
could provide new targets and insights for enhancing integrated weed management 
programs.

Working Models of Endodormancy Induction in UABs  
of Leafy Spurge

A role for DEHYDRATION-RESPONSIVE ELEMENT BINDING/C-REPEAT 
BINDING FACTOR ( DREB/CBF) family members has been proposed as central 
regulators of molecular networks involved in endodormancy induction (Doğramacı 
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et  al. 2010). DREBs belong to the ETHYLENE RESPONSE FACTOR (ERF) 
family of transcription factors involved in abiotic and biotic stress signaling, which 
has been extensively reviewed (Khan 2011; Nakashima et al. 2009; Xu et al. 2011). 
The observation that overexpression of a peach CBF1 in apple resulted in short 
photoperiod-induced dormancy and cold acclimation (Wisniewski et al. 2011) pro-
vides evidence for DREB/CBFs playing a role in photoperiod-induced processes 
leading to bud endodormancy. These results are also consistent with long photo-
period repression of DREB/CBFs and thus repression of cold acclimation, through 
interactions with PHYTOCHROME B (PHYB), PHYTOCHROME INTERACT-
ING FACTOR (PIF)-4 (PIF4), and -7 (PIF7) in Arabidopsis under warm environ-
ments (Lee and Thomashow 2012). It is still unclear whether short photoperiods 
play a role in cold acclimation of herbaceous perennials under warm environments. 
However, a decrease in temperature was determined to be the main environmental 
factor driving expression of numerous DREB/CBFs in UABs of leafy spurge, al-
though photoperiod was proposed to have, as yet, unknown synergistic effects to 
induce endodormancy (Doğramacı et al. 2013).

Interestingly, soil applied 1-aminocyclopropane-1-carboxylate (ACC), the pre-
cursor to ethylene, induced a dwarfed phenotype from paradormant crown buds of 
treated plants after decapitation of aerial tissue (Doğramacı et al. 2013). Numerous 
leafy spurge transcripts with putative homology to Arabidopsis DREBs were dif-
ferentially expressed in response to the ACC treatment, consistent with the expres-
sion observed in endodormant buds (Doğramacı et  al. 2013). These results sup-
port the hypothesis that a transient spike in ethylene is a prerequisite to induction 
of endodormancy (Horvath et  al. 2003; Ruttink et  al. 2007; Suttle 1998), likely 
through cross-talk with abscisic acid (ABA) signaling in perennials (Anderson et al. 
2010). As illustrated in Fig. 12.1, environmental factors (photoperiod and tempera-
ture, or dehydration) leading to senescence of aerial tissues are proposed to shift the 
balance of physiological signals (sugar and auxin) that impact molecular processes 
in UABs to induce endodormancy. The increase in abundance of a transcript coding 
for ACC OXIDASE and decreased abundance of a transcript coding for LIGHT 
HARVESTING CHLOROPHYLL a/b BINDING 1 (LHCB1) in aerial tissues in 
response to cold, dehydration, and xenobiotic stress (Fig. 12.2) would be consistent 
with this previous hypothesis.

A model illustrating potential interaction between leafy spurge DREB/CBFs and 
DAM has been proposed, based on the fact that the promoter of a leafy spurge 
DAM1 homolog contains a CCGAC cis-regulatory element (CRE) in its upstream 
promoter (Horvath et al. 2013). Although not yet functionally confirmed in leafy 
spurge, a similar mechanism for regulation of Japanese pear ( Pyrus pyrifolia) Pp-
DAM13-1 by PpCBF2 was proposed (Saito et al. 2013) and later confirmed using a 
transient reporter assay, indicating that PpMADS13-1 transcription is enhanced via 
interaction of PpCBF2 with the PpMADS13-1 promoter (Saito et al. 2014). This 
interaction is proposed to impact vegetative growth responses through DAM’s regu-
lation of the floral integrator FLOWERING LOCUS T ( FT) as shown in Fig. 12.3. 
In poplar, FT1 and FT2 are involved in regulating reproductive versus vegetative 
growth, respectively (Hsu et al. 2011).
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A role for a DAM/FT interaction to regulate vegetative growth and flowering, bud 
set, and dormancy in perennial fruit trees has been reported (Bielenberg et al. 2008; 
Yamane 2014). Thus, it is not surprising that chromatin immunoprecipitation (ChIP) 
assays indicate that leafy spurge DAM1 binds the promoter of a leafy spurge gene 
most similar to FT2 of poplar, and increased expression of leafy spurge DAM1 is in-
versely correlated with decreased expression of the putative FT2 homolog (Hao and 
Horvath unpublished). Likewise, because DAM and FT are differentially regulated 
under short photoperiod conditions in perennials (Böhlenius et al. 2006; Cooke et al. 
2012; Ruttink et al. 2007) and DREBs are known to be gated by the circadian clock 
(Dong et al. 2011; Fowler et al. 2005), it seems reasonable to assume that the impact 
of photoperiod and/or temperature on the circadian clock (see reviews by Cooke et al. 
2012) could also affect DREB/DAM/FT interactions. Equally intriguing, a report by 
Chow et al. (2014) demonstrated that Arabidopsis DREB1B/CBF1 binds to a C-repeat 
(CRT)/dehydration-responsive element (DRE) in the promoter of LUX ARRYHTHMO 
( LUX) to mediate cold input into the circadian clock. Although not included in the pro-
posed model (Fig. 12.3), this process may involve SUPPRESSOR OF CONSTANS 1 
(SOC1) as part of a negative feedback loop to regulate DREB1/CBFs (Seo et al. 2009) 
and, thus, the cold response regulon. In this same context, cold-induced expression of 
DREB1/CBF impacts expression of FLOWERING LOCUS C ( FLC), thereby provid-
ing a mechanism for repression of FT and SOC1 in Arabidopsis (Thomashow 2010).

Objectives

The long-term goal of our research program is to provide insights into developing 
next-generation weed management strategies by identifying new targets for manip-
ulation of plant growth and development. As part of this goal, our current objective 

4- 4+48- 48+24+
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(BG467377)
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 hours  0 4824 16872 0 4824 16872

dehydra�on cold
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bromide
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Fig. 12.2   Transcript abundance of ACC OXIDASE and LIGHT HARVESTING CHLOROPHYLL 
B1 ( LHCB1) in aerial tissue of leafy spurge in response to dehydration, cold, and xenobiotic stress. 
Methods and materials are the same as described in Anderson and Davis (2004). Briefly, soil 
applied water was withheld for dehydration, and plants were subjected to 4–7 °C in a cooling 
chamber under 16-h light, or sprayed with (+) or without (−) 5  mM technical grade diclofop-
methyl (DM) in combination with an emulsified carrier
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is to identify CREs within promoters of putative endodormancy marker genes and 
determine the transcriptional machinery that interacts with these elements.

Materials and Methods

Plant Material and Experimental Designs

Leafy spurge plants were propagated as previously described by Anderson and Da-
vis (2004), and standardized treatments for inducing well-defined phases of dor-
mancy in UABs were employed (Foley et al. 2009). In brief, leafy spurge plants 
were propagated from a genetically uniform biotype (1984-ND001) and maintained 
in a greenhouse (~ 25–27 °C with 16h:8h light:dark photoperiod) for 3 months. Prior 
to the start of each experiment, plants were entrained in a growth chamber for 1 
week at 27 °C, 16h:8h light:dark photoperiod. Each experiment was replicated three 
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Fig. 12.3   A proposed model for regulation of endodormancy in UABs of leafy spurge. a Autumn-
induced endodormancy in crown buds of leafy spurge, b vegetative regrowth of aerial tissues from 
UABs in spring and early summer, and c leafy spurge in full bloom spring and early summer. 
Abbreviations and rational for model are provided within the text. Question marks and dashed 
lines indicate hypothetical deductions as outlined in the text, and orange lines indicate updates on 
our previous existing models
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or four times, and each replicate included 30–40 plants. Six to eight plants from 
each replicate were used to determine the dormancy status of buds by measuring the 
vegetative growth and flowering potential of crown buds after removal of existing 
aerial tissues by decapitation at soil level (see Fig. 12.1); the remaining plants were 
used to collect crown buds for studying transcriptome profiles (Doğramacı et al. 
2010, 2011, 2013, 2014). All samples were collected between 1100 and 1300 Cen-
tral Standard Times to avoid diurnal variation. Various environmental treatments 
(photoperiod, temperature, dehydration) were used to determine their impact on 
induction or release of endodormancy as summarized in Table 12.1.

RNA Extraction and Transcript Analyses

At the end of each treatment (Table 12.1), crown bud samples were collected and 
flash-frozen in liquid N2. RNA was extracted according to the pine tree RNA extrac-
tion protocol (Chang et al. 1993), and RNA quality and quantity was confirmed by 
spectrophotometry and agarose gel electrophoresis. Microarray hybridizations were 
performed as described in detail by Doğramacı et al. (2010). Various bioinformatics 
tools were utilized for analyses of transcriptome data reported in Doğramacı et al. 
(2010, 2011, 2013, 2014). Specifically, GeneMaths XT 5.1 (Applied Maths Inc., 
Austin, TX, USA) was used for normalization and statistical analyses, and Pathway 
Studio (Ariadne Genomics Inc., Rockville, MD, USA) was used for Gene Set En-
richment Analysis and Sub Network Enrichment Analysis. Expression data are de-
posited at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) as GEO 
dataset queries GSE19217 (Doğramacı et al. 2010), GSE28047 (Doğramacı et al. 
2011), GSE37477 (Doğramacı et al. 2013), and GSE55133 (Doğramacı et al. 2014).

Incorporation of Meta-Analysis to Detect Marker Genes for 
Endodormancy

Data from transcriptome studies (Table 12.1) were evaluated to detect genes show-
ing consistent trends during endodormancy induction. Genes with increased tran-
script abundance in endodormant crown buds induced by the various environmental 
treatments but having opposite expression patterns during para- or ecodormancy 
were selected for further investigations.

Quantitative Real-Time PCR Analysis (qRT-PCR)

A leafy spurge EST database (Anderson et  al. 2007) was used to design primer 
pairs (Table  12.2) employing the Primer Select program of DNASTAR Laser-
gene 11. cDNA synthesis and qRT-PCR were prepared as described in Doğramacı 
et al. (2010, 2011, 2013, 2014). Transcript abundance was measured from at least 
three biological replicates and three technical replicates using a LightCycler 480 II 
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(Roche). Transcript values were normalized using reference genes ( ARF2, MD-100, 
ORE9, PTB, SAND) identified for leafy spurge (Chao et al. 2012).

Identification of Conserved Cis-Regulatory Elements

Assembly ( de novo) of promoter sequence for candidate genes was accomplished as 
previously described (Doğramacı et al. 2014). Briefly, promoter sequence (~3000–
7000 bases upstream of putative ATG start sites of CDS) was created using the 
program PriceTI (Ruby et al. 2013), which were used to identify the most conserved 
genes within the Malpighiales family ( Manihot esculenta, cassava; Ricinus com-
munis, castor bean; Linum usitatissimum, flax; Populus trichocarpa, poplar) using 
the program Phytozome (www.phytozome.net). The non-transcribed promoter re-
gions for each family member were run in the MEME program (http://meme.nbcr.
net/meme/cgi-bin/meme.cgi) to identify conserved promoter sequences. Conserved 
motifs identified by MEME were entered into Plant Promoter Analysis Navigator 
(http://plantpan.mbc.nctu.edu.tw/) to determine the function of putative CREs.

Table 12.2   Primer sequences for selected leafy spurge genes (Primer Sequence). Annotation of 
homologs of leafy spurge transcripts most similar to Arabidopsis were identified using the Arabidopsis 
Information Resource (TAIR) and to obtain gene identifications (TAIR ID) and abbreviations (Abv.)
TAIR ID Abv. 5′F/R Primer Sequence Leafy spurge ID
CONSTITUTIVE 
PHOTOMOR-
PHOGENIC 1 
(AT2G32950)

COP1 5′F TCTTGTTTTTCTTCCCCTC-
TATCT

DV130469

5′R AGCACGTTTTTCAT-
GTTCTTCA

ELONGATED 
HYPOCOTYL 5 
(AT5G11260)

HY5 5′F CTCAA-
CAAGCAAGGGAAAGGAAGA

DV157454

5′R CTAGCCAACGAAGAAACG-
GAAAAT

MADS AFFECTING 
FLOWERING 3 
(AT5G65060)

MAF3 5′F ATCGAAGAAAAGAGCATC-
CGTCAG

CV03083A2E08

5′R TCTTCAAGTTGCATGTCAG-
TAGTT

RESPONSIVE TO 
DESSICATION 22 
(AT5G25610)

RD22 5′F AATCAAACCCC-
GAAGCAAAAGTAT

DV131779

5′R CCTGAGGAAGAAAATG-
GCAAACC

REVEILLE 1 
(AT5G17300)

RVE1 5′F CGGATTGAAGAGCATGTAG-
GTAGC

DV113864

5′R AGTTGGGGATTGATTTTCGT-
GTTC
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Results and Discussion

Identification of Potential Marker Genes

Meta-analysis of microarray data (Doğramacı et al. 2010, 2011, 2013, 2014) high-
lighted five leafy spurge transcripts with putative sequence homology to Arabidop-
sis COP1, HY5, MAF3, RD22, and RVE1 that consistently had increased abundance 
in endodormant crown buds (Table  12.3), but had opposite expression in para- 
and often ecodormant buds of leafy spurge. Based on these results, we propose 
that PCR-amplified cDNA (see Table 12.2) for these transcripts may be used as 
endodormancy markers.

COP1

COP1 encodes for an E3 ubiquitin ligase that can target up to 20 % of the transcrip-
tion factors in Arabidopsis (Moon et al. 2004), including HY5 and the floral promoter 
CONSTANS (CO) for degradation and stabilization of growth-promoting transcrip-
tion factors such as PIF3 (Alabadí and Blázquez 2009; Henriques et al. 2009). Al-
though COP1 targets HY5 for degradation in far-red and visible light-induced pho-
tomorphogenesis, it positively regulates HY5 in UV-B-induced photomorphogenesis 
(Favory et al. 2009). Further, in Arabidopsis, COP1 expression is regulated by HY5 
and FHY3 via a positive feedback loop (Huang et al. 2012). Thus, the simultaneous 

 Table 12.3   Transcript abundance of potential marker genes. Values (log2 scale) represent aver-
ages of four biological and three technical replicates relative to controls. Red indicates positive 
values, and blue indicates negative. Arabidopsis genes are used to annotate homologs of leafy 
spurge transcripts
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increase in abundance of putative leafy spurge HY5 and COP1 transcripts by RDtp or 
dehydration alone indicates that normal light-mediated regulation of COP1–HY5 in-
teractions is disrupted in endodormant UABs. This might be a consequence of RDtp 
or dehydration treatments on senescence of aerial tissue, suggesting that senescence-
induced signaling could be a common factor leading to endodormancy in UABs.

The decreased abundance for a transcript with putative homology to an Arabidop-
sis CO-like (At2g33500) in endodormant crown buds of leafy spurge (Doğramacı 
et al. 2010) could imply that COP1 is targeting some members of this transcription 
factor family in endodormant crown buds. Although CO is a positive regulator of 
FT, and the CO-FT module has been associated with growth cessation and bud set 
in poplar (Böhlenius et al. 2006), data for leafy spurge FT-like transcripts were not 
available for all the samples included in our meta-analysis. However, transcript 
abundance for a putative leafy spurge FT1-like homolog in endodormant buds was 
reported to be induced by RDtp (Doğramacı et al. 2013) and 14-day dehydration 
stress treatments (Doğramacı et al. 2014). Because leafy spurge DAM1 has been 
shown to bind the promoter of a gene with putative homology to poplar FT2 (Hao 
and Horvath unpublished), we propose that increased transcript abundance of leafy 
spurge DAM1 and DAM2 (Doğramacı et al. 2010) does not lead to repression of 
FT1-like transcripts in endodormant buds. Instead, it is proposed to repress tran-
scripts with functional similarity to poplar FT2 (see Fig. 12.3).

HY5

HY5 encodes for a bZIP transcription factor involved in the positive regulation of 
photomorphogenesis and the PHYA-mediated inhibition of hypocotyl elongation in 
Arabidopsis (Jiao et al. 2007; Saijo et al. 2003). Studies using hy5 mutants indicate 
that HY5 promotes the expression of negative regulators of auxin signaling, thus 
linking hormone and light signaling pathways (Cluis et al. 2004). Because HY5 can 
bind to targets involved in regulating circadian rhythms, flowering, and hormone 
signaling in Arabidopsis, it has been proposed that HY5 likely has other roles in 
plant growth and development beyond light regulation (Lee et al. 2007). Indeed, 
Catalá et al. (2011) reported that HY5 levels in Arabidopsis are regulated by low 
temperature transcriptionally, via a CBF- and ABA-independent pathway, and post-
translationally, via protein stabilization through nuclear depletion of COP1. Thus, 
increased expression of a leafy spurge transcript with putative homology to HY5 
could be acting as one of the central modulators of gene expression that helps co-
ordinate light and cold signaling to promote endodormancy by the RDtp treatment.

Interestingly, induction of endodormancy in crown buds by 14-day dehydration 
stress, where plants were under ambient greenhouse conditions (~ 25–27 °C with 
16-h photoperiod) prior to and during the dehydration stress treatment, also caused 
an increase in abundance of the putative leafy spurge HY5 transcript (Table 12.3). 
As previously mentioned above, perhaps senescence-associated signaling (e.g., 
sugars, auxin) of aerial tissues by 14-day dehydration stress also causes an effect 
similar to that occurring under cold temperature–short photoperiod conditions 
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(RDtp). Therefore, the increase in putative leafy spurge HY5 and COP1 transcripts 
in response to 14-day dehydration demonstrates that this process also can occur 
independent from changes in cold and light signaling. If the product of this putative 
HY5 transcript has similar functions in leafy spurge as in Arabidopsis, HY5 could 
be involved in negatively modulating auxin signaling in endodormant crown buds. 
These results also suggest that endodormancy induction by dehydration or RDtp 
likely involves overlapping mechanisms.

MAF3

In Arabidopsis, MAF3 encodes for a MADS-box domain protein and flowering reg-
ulator that is closely related to the floral repressor FLC (Caicedo et al. 2009; Rat-
cliffe et al. 2003). Induction of endodormancy by RDtp treatment and 14-day de-
hydration stress increased abundance of this putative leafy spurge MAF3 transcript 
relative to paradormant controls (Table 12.3). Transcript abundance of this MAF3-
like was even greater in ecodormant buds (FC Eco), and it was also increased in 
NFC Eco buds even though these buds did not go through the endodormant phase. 
Thus, this putative MAF3 transcript appears to be a marker for both endo- and ec-
odormant crown buds. As shown in Table 12.3, this putative MAF3 transcript was 
not induced by a ramp down in temperature under a constant 16-h photoperiod 
(RDt), but was induced by ramp down in temperature and photoperiod (RDtp) or 
extended cold treatment under 8 h of short photoperiod (NFC Eco). These results 
suggest that expression of this putative MAF3 transcript is induced by either short 
photoperiod alone or an interaction between short photoperiod and cold temperature 
signaling. However, no transcript data are currently available for short photoperiods 
under constant temperature to confirm this hypothesis in leafy spurge. Interestingly, 
abundance of this MAF3-like transcript was also induced by 14-day dehydration 
stress (Table 12.3), which further supports the hypothesis that senescence of aerial 
tissues by RDtp and dehydration induces an overlapping response that impacts the 
transition from para- to endodormancy in UABs.

RD22

RD22 is generally associated with abiotic stress responses (such as dehydration and 
salt stress) mediated by ABA in Arabidopsis (Yamaguchi-Shinozaki and Shinozaki 
1993). Induction of endodormancy in crown buds of leafy spurge by RDtp treatment 
or 14-day dehydration stress caused an increase in transcript abundance of RD22 
(Table 12.3). Further, release of endodormancy by 3-day dehydration or extended 
cold treatment (FC Eco) caused a decrease in transcript abundance of RD22. These 
results are consistent with increased abundance of RD22 class proteins (along with 
other ABA-inducible transcripts) in dormant potato tuber meristems, which were 
decreased when meristem dormancy was terminated (Campbell et al. 2008).
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RVE1

RVE1 encodes a clock-regulated MYB-like transcription factor that, in Arabidop-
sis, is homologous to CIRCADIAN CLOCK ASSOCIATED 1 ( CCA1) and LATE 
ELONGATED HYPOCOTYL 1 ( LHY1), but inactivation of RVE1 does not affect 
the circadian rhythm (Rawat et  al. 2009). More specifically, RVE1 is an output 
component of the circadian clock and has been shown to regulate hypocotyl growth 
by modulating free auxin levels in a time-of-day-specific manner in Arabidopsis 
(Rawat et al. 2009). Because RVE1 appears to modulate plant growth through regu-
lation of auxin levels, while CCA1 and LHY1 likely control growth via different 
mechanisms, RVE1 is considered an important node connecting circadian- and aux-
in-signaling pathways (Rawat et al. 2009). In leafy spurge crown buds, induction 
of endodormancy by the RDtp treatment or 14-day dehydration stress (Table 12.3) 
caused increased abundance of a transcript for this putative RVE1 homolog. Further, 
release of endodormancy by 3-day dehydration or extended cold treatment (FC Eco) 
caused a decrease in transcript abundance of this RVE1 transcript. In endodormant 
buds of leafy spurge, increased abundance of RVE1 (Table 12.3) and a moderate 
increase in auxin levels (unpublished data), compared to paradormant controls, are 
consistent with RVE1-modulated free auxin levels in Arabidopsis. Because exog-
enous auxin treatment to Arabidopsis enhances hypocotyl elongation, while higher 
concentrations inhibit hypocotyl growth (Rawat et al. 2009), perhaps the putative 
leafy spurge RVE1 homolog plays a role in modulating auxin levels in endodormant 
UABs of leafy spurge, assuming that the product of the putative leafy spurge RVE1 
homolog performs the same function as in Arabidopsis.

Characterization of Proposed Marker Genes

Identification of promoter sequence for putative leafy spurge endodormancy marker 
genes (Table 12.4) was accomplished through de novo assembly as previously de-
scribed in Doğramacı et al. (2014). Currently, sufficient promoter sequence is only 
available for RVE1 and HY5 among the five proposed endodormancy markers for 
leafy spurge. The validity of de novo assembly for RVE1 was confirmed by com-
paring it to the sequence of leafy spurge genomic clones for RVE1; comparison of 
the 5′ upstream promoter sequences was > 95 % conserved (Doğramacı et al. 2014). 
The promoter of the leafy spurge genomic clone for RVE1 contains a conserved 
ABA-responsive element (ABRE)-like sequence that in other plant systems is in-
volved in early response to dehydration and calcium (Whalley et  al. 2011). The 
RVE1 promoter also contained a putative MYC consensus sequence, common to 
dehydration-responsive genes, and a PIF3 binding element (Table 12.4). Because 
the circadian clock is disrupted in perennials by cold temperatures (Ramos et al. 
2005; Ibáñez et al. 2008), uncoupling of the circadian clock by dehydration and/or 
temperature in UABs of leafy spurge may be compensated through ABA signaling 
involving ABREs to regulate circadian clock outputs.
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The de novo-assembled promoter of leafy spurge HY5 contains a conserved CRE 
that, in Arabidopsis, interacts with B-type ARABIDOPSIS RESPONSE REGULA-
TOR 1 (ARR1) (Sharma et al. 2011). Because B-type ARR1 regulates transcription of 
target genes in response to cytokinin (Heyl et al. 2008; Sharma et al. 2011), our results 
suggest that cytokinin signaling could be playing some role in the increased abundance 
of HY5 in endodormant crown buds of leafy spurge. However, because silencing of 
ARR1 in Arabidopsis induced over a 4-fold increase in the expression of COP1 (Heyl 
et al. 2008), it appears that repression of cytokinin signaling is likely required to induce 
COP1 and HY5 expression in endodormant buds, at least in UABs of leafy spurge.

The assembled promoter sequences for several other genes of interest included 
putative homologs of APETALA2/ERF family members ( ABR1 and ERF1) and 
PIF3. The promoters of putative leafy spurge ERF1 and PIF3 genes also contained 
ABRE-like and MYC CREs, whereas these same binding elements do not appear 
to be conserved in the promoters of putative leafy spurge HY5 and ABR1 genes 
(Table 12.4). However, ABR1 and ERF1 do contain ethylene-responsive GCC core 
elements, which have been reported to play important roles in regulating jasmonate-
responsive gene expression (Ohme-Tagaki et al. 2000). In addition, the putative leafy 
spurge ABR1 promoter sequence contained low temperature-responsive elements 
(LTRE), which also includes the core C-repeat/dehydration-responsive element (C/
DRE; -CCGAC-), and light signaling mediated by phytochrome is necessary for 
cold- or drought-induced gene expression through the C/DRE in Arabidopsis (Kim 

 Table 12.4   Conserved cis-acting elements (colored and underlined) within the promoters of puta-
tive leafy spurge homologs (genes) in the Malpighiales family of sequenced genomes. Element 
location (position) within promoters is upstream of proposed ATG start of coding sequence

GCCGCC = GCC CORE - ethylene-responsive element.
CAAGTG = MYC recognition sequence in CBF3 promoter.
LTRE = Low temperature responsive element core.
ASF-1 binds to TGACG motifs - involved in transcriptional activation by auxin/salicylic acid. 
GT-1 is a binding site in many light-regulated genes.
ARR1 is a typeB cytokinin response element.
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et al. 2002). Collectively, these results suggest that timing of transcriptional activa-
tion or repression of target genes involved in the regulation of seasonal dormancy 
is likely modulated by a complex set of binding interactions that are responsive to 
environmental cues and phytohormones.

Updated Hypothetical Model for Endodormancy Induction

A hypothetical model for endodormancy induction (Fig. 12.3) shows how cold or 
dehydration stress impacts circadian clock genes, as previously reported in leafy 
spurge (Doğramacı et al. 2010, 2013, 2014) and other species (Ibáñez et al. 2008; 
Ramos et al. 2005; Rios et al. 2014). Indeed, in the case of cold, DREB1B/CBF1 
has been shown to bind to a C/DRE in the promoter of Arabidopsis LUX to regulate 
oscillation and mediate cold input into the circadian clock (Chow et al. 2014). Cold 
uncoupling of the circadian clock in perennials (Ibáñez et al. 2008; Ramos et al. 
2005) would be expected to impact circadian clock output genes such as RVE1. 
Thus, regulation of a homolog of RVE1 in endodormant UABs of leafy spurge in 
response to cold and dehydration could involve regulation through ABA signaling 
(Doğramacı et al. 2014). Indeed, RVE1 can bind cis-acting evening elements ( ee) in 
genes (Franco-Zorrilla et al. 2014; Mizoi et al. 2012), and these ee have been linked 
to circadian-regulated and cold-induced expression, and coupling with ABRE-like 
can enhance the cold-induced expression in Arabidopsis (Mikkelsen and Thom-
ashow 2009).

Because some AP2/ERFs are gated by the circadian clock as previously de-
scribed, it is possible that the impact of cold or dehydration on circadian clock com-
ponents in leafy spurge also affects abundance of these transcription factors. We 
have considered DREBs/CBFs as a central component that impact GA catabolism, 
sugar signaling, and other processes associated with various transitional phases 
of dormancy in leafy spurge (Doğramacı et al. 2010, 2014; Horvath et al. 2013). 
Indeed, DREBs can affect GA catabolism and signaling in Arabidopsis (Magome 
et  al. 2009), and GA catabolism would be expected to impact downstream GA 
signaling of DELLAs, which, in turn, could affect vegetative growth through its 
repression of growth-promoting transcription factors such as PIFs (see review by 
Hirsch and Oldroyd 2009). We hypothesize that DREBs could also be playing a role 
in dormancy processes as shown in Fig. 12.3, based on their known involvement 
in expression of genes similar to FLC, which in turn leads to repression of FT in 
Arabidopsis (Seo et al. 2009).

Ethylene’s impact on some AP2/ERF family members in leafy spurge has been 
proposed to have a role in regulating the transition from para- to endodormancy 
(Doğramacı et  al. 2013). Indeed, overexpression of several AP2/ERFs, simi-
lar to those induced by ethylene in leafy spurge (Doğramacı et al. 2013), causes 
dwarfed phenotypes or induces endodormancy in other plant systems (Khan 2011; 
Wisniewski et al. 2011; Xu et al. 2011). Because DREBs are known to bind CREs 
similar to those identified in leafy spurge DAM genes (Horvath et al. 2013), and 
leafy spurge DAM1 has been shown to bind the promoter of a putative leafy spurge 
FT2-like gene (Hao and Horvath unpublished), we propose that RVE1 may func-
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tion through binding to ee of DREB/CBFs or directly to the promoter of DAM1 
(see Fig. 12.3). Although ACC synthase is the rate-limiting step of ethylene bio-
synthesis in Arabidopsis (Wang et al. 2004), the last step to ethylene biosynthesis 
involving ACC oxidase might also play a role in the senescence-induced spikes 
in ethylene that has been proposed to induce endodormancy in UABs (Anderson 
et al. 2010; Horvath et al. 2003). The observed increase in abundance of transcript 
coding for ACC oxidase in response to abiotic and xenobiotic stress in leafy spurge 
leaves (Fig. 12.2) would be consistent with this concept. In Arabidopsis, ethylene 
production also induces the nuclear transcription factor ETHYLENE INSENSITIVE 
2, which impacts ABA signaling (Wang et al. 2007). Thus, we propose that senes-
cence-induced ethylene signaling impacts mobile auxin and sugar signaling from 
the aerial tissues (see Fig. 12.1) and could impact cross-talk with ABA signaling 
pathways in leafy spurge (see Fig. 12.3).

A previous study (Doğramacı et al. 2014) also suggested a potential role for post-
translational modification through interactions between SIZ1 (an E3 SUMO ligase) 
and INDUCER OF CBF EXPRESSION1 (ICE1) to impact DREB expression in 
endodormant UABs of leafy spurge. Because SIZ1 can stabilize ICE1 through su-
moylation (Mizoi et al. 2013) and ICE1 binds the promoter of DREBs (Chinnusamy 
et  al. 2006), it is also possible that cold- and dehydration-induced expression of 
DREBs in UABs of leafy spurge involves similar post-translational modification 
mechanisms as illustrated in Fig. 12.3.

Another major outcome from this meta-analysis was identification of a putative 
leafy spurge MAF3-like transcript, one of the several FLC-like genes in Arabidopsis 
(Ratcliffe et al. 2003), as a molecular marker for endo- and ecodormancy in crown 
buds of leafy spurge. In Arabidopsis, FLC is known to inhibit FT to block flower-
ing (Ratcliffe et al. 2003; Reeves et al. 2007), and in perennial tree species, several 
members of DAMs (also members of the MADS-box domain family of proteins) 
are known to block FT2 and induce growth cessation and bud set (Cooke et  al. 
2012; Rios et al. 2014). Based on the strong increase in abundance of a leafy spurge 
transcript with putative homology to Arabidopsis MAF3 in endo- and ecodormant 
UABs (Table 12.3), we propose that the product of leafy spurge MAF3-like could 
inhibit FT2-like expression as part of a mechanism involved in maintaining endo- 
and ecodormancy (Fig. 12.3). However, leafy spurge MAF3-like transcript in endo- 
and ecodormant UABs appears to display alternative splicing (unpublished). Since 
the product of spliced variants of MAFs have been reported to interact with SHORT 
VEGETATIVE PHASE to regulate flowering in Arabidopsis in a temperature de-
pendent manner (Posé et al. 2013; Severing et al. 2012), it is also plausible that 
spliced variants of the leafy spurge MAF3-like transcript could potentially interact 
with DAM-like MADS-box proteins to affect dormancy in UABs.

Future Direction

Conceptual models, such as proposed in Fig. 12.3, provide a starting point to test 
the functionality of these putative leafy spurge homologs and to determine their po-
tential role in endodormancy maintenance in leafy spurge or other model perennial 
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systems. Here, we update a working hypothetical model to include new components 
for regulation of endodormancy in UABs of leafy spurge that involves (1) the po-
tential interaction of MAF3 with FT2 to inhibit vegetative growth and (2) an ABA-
dependent signaling mechanism to regulate a putative homolog of the circadian 
clock output gene RVE1 that may impact downstream genes containing evening 
elements, similar to that described in other systems, or to modulate auxin levels. The 
overlap between dehydration- and photoperiod/temperature-induced endodormancy 
in UABs of leafy spurge may involve senescence-induced ethylene signaling. Fur-
ther research into well-defined phase of dormancy in UABs of leafy spurge would 
certainly benefit from studies that determine the impact of molecular and physiolog-
ical signaling mechanisms associated with aerial tissues, for example, determining 
whether FT is produced in aerial tissues and whether it is mobile and transported to 
the underground adventitious buds. Likewise, further studies are needed to deter-
mine if spliced variants of MAF3-like, or other MAF family members, affect FT2 
directly or function through interaction with DAM-like MADS-box proteins.

However, relying on orthologous genomes to annotate genomes of weedy spe-
cies has pitfalls associated with proposing biological interactions and processes. 
Spurious assumptions that transcripts with the best sequence homology to genes of 
other plant species have conserved functionality may lead to confounded models. 
Thus, meta-analysis of the leafy spurge transcripts based on annotation to other 
genomes only provides for the first step in building testable hypotheses. Future re-
search will be needed to functionally characterize these leafy spurge marker genes 
and determine the upstream binding complexes that drive their expression.
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Part I: Growth Regulation in Seeds and Buds

Growth regulation is essential for both plant architecture and acquisition of stress 
tolerance. Plant growth in an organ is influenced by other organs in the same body 
as well as by changing environment. Dormancy is a type of growth arrest and is 
recognized as an adaptive trait to control timing of the growth for better survival 
and production of offspring. Dormancy was defined as “the temporary suspension 
of visible growth of any plant structure containing a meristem” (Lang et al. 1987). 
In plants, dormancy is observed in several organs such as seeds and axillary buds. 
The mechanisms that control growth and dormancy in seeds and buds have been 
investigated with great interest, and more recent functional genomics research has 
revealed novel regulators of growth and their interactions. This article summarizes 
the current knowledge on growth regulation in seeds and buds with focus on Ara-
bidopsis.

Germination of mature dry seeds involves resumption of embryo growth after a 
period of dry quiescent state (Bewley 1997). Seed dormancy is the inability of seeds 
to germinate even under favorable conditions. Germination of mature dry seeds 
starts with water uptake and ends with the emergence of radicle. Germination pro-
ceeds when the embryonic growth overcomes the mechanical constraint imposed 
by the endosperm/seed coat. Seed germination is regulated by finely orchestrated 
mechanisms involving two antagonistic plant hormones, abscisic acid (ABA), and 
gibberellins (GAs), and environmental cues including light, temperature, nutrients, 
and water (Yamaguchi 2008; Nambara et al. 2010). One of the target sites of these 
germination regulators is the endosperm that plays an important role in regulating 
the embryonic growth by supplying nutrients during seed development and restrict-
ing embryo growth (Sørensen et al. 2002; Bethke et al. 2007), and mediating the 
communication between the embryo and surrounding environment (Lee et al. 2010; 
Lee et al. 2012; Yan et al. 2014). In contrast to the role of the endosperm, molecu-
lar mechanisms that regulate embryonic growth potential and seed vigor remain 
unclear.

In Arabidopsis, the radicle and embryonic axis (hypocotyl) are the primary sites 
for the regulation of embryonic growth during germination. These tissues express 
cell wall-modifying enzymes required for cell elongation during germination (Oga-
wa et al. 2003; Barroco et al. 2005; Iglesias-Fernandez et al. 2011). In addition, the 
radicle is thought to play a role in weakening the micropylar endosperm and genetic 
evidence has shown that endosperm plays an active role in the regulation of seed 
germination (Penfield et al. 2006; Muller et al. 2006). The lower part of hypocotyl 
and the adjacent transition zone were observed to be active in cell elongation dur-
ing germination (Sliwinska et al. 2009), while cotyledons are the storage tissue for 
seed reserves and act as a nutrient source. Cell elongation is a primary outcome of 
embryonic growth potential and seed vigor during Arabidopsis germination. Most 
embryonic cells in dry Arabidopsis seeds are arrested in the G1 phase, followed by 
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DNA replication initiated at the start of radicle protrusion, then, mitotic cell division 
occurs after the completion of seed germination (Barroco et al. 2005). Random or-
ganization of microtubules (MT) is formed shortly after the start of imbibition, and 
MTs are progressively aligned in a transverse orientation in the radicles of imbibed 
seeds, followed by the increase in the number of MTs during radicle protrusion 
(Barroco et al. 2005). It is worth mentioning that timing of activating each cell cycle 
process during germination varies among seed tissues and plant species, as well as 
physiological and imbibition conditions (Liu et al. 1997; Gornik et al. 1997; Sliwin-
ska et al. 1999; de Castro et al. 2000).

Similar to seed germination, axillary bud outgrowth is under the control of both 
endogenous signals and environmental factors (Horvath et al. 2003). The axillary 
bud lies at the axil of a leaf and is capable of developing into a branch shoot or flower 
cluster. Axillary buds outgrowth is inhibited by auxin derived from the shoot apical 
meristem, which is known as apical dominance (Cline 1991, 1997; Dun et al. 2006). 
Plant hormones, in particular, auxin, cytokinins, and strigolactones, are involved in 
this process (Shimizu-Sato and Mori 2001). Axillary bud dormancy has been exten-
sively analyzed in garden pea. Mason et al. (2014) reported that sugar availability to 
axillary buds is the determinant for the maintenance of apical dominance of pea. In 
pea, the primary checkpoint of the cell cycle regulation in the axillary buds seems 
to be at the G1 phase, and decapitation induces DNA synthesis followed by mitotic 
division (Devitt et al. 1995; Shimizu and Mori 1998). Importantly, the checkpoints 
of cell cycle arrest in dormant buds depend on developmental maturity (Shimizu 
and Mori 1998, references therein). Molecular markers whose expression is associ-
ated with bud dormancy have been reported in pea. The dormant axillary bud of 
pea accumulates abundant transcripts for PsDRM1, PsDRM2, PsAD1, and PsAD2 
(Stafstrom et al. 1998; Madoka and Mori 2000). The homologues of these genes 
are often used as dormancy markers in other plant species including Arabidopsis 
(Tatematsu et al. 2005; Rae et al. 2013).

The molecular mechanisms of growth regulation are complex and have multiple 
checkpoints, although are recognized by the simple outputs such as the increase in 
cell numbers, cell elongation, or the increase in biomass. In order to dissect these 
complex phenomena, it is essential to define robust markers that reflect the output 
response (i.e., growth). Transcriptome analysis is suitable for this purpose, because 
this enables simultaneous quantification in the levels of a large number of tran-
scripts (markers). Another merit of transcriptome data is to allow comparison of 
transcript profiles among different organs or species. The comparison of different 
growing organs provides common and organ-specific expression patterns of the 
markers. Moreover, co-expressed genes in different growing organs provide an in-
sight into how these genes are regulated through over-representation of particular 
cis-acting elements in their promoters.
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Part II: Comparison of Growth Regulation Between 
Seed Germination and Axillary Bud Outgrowth

Genetic analysis has revealed that some growth regulators modulate both seed ger-
mination and axillary bud outgrowth. ABA is required for the induction and mainte-
nance of seed dormancy and the inhibition of germination (Finkelstein et al. 2008; 
Nambara et al. 2010). ABA also inhibits lateral and axillary bud growth and shoot 
branching (Chatfield et al. 2000; Reddy et al. 2013). Plants sense red light (R) and 
far-red light (FR) by photoreceptor phytochromes. A change in the ratio of R to FR 
regulates seed germination through promoting the degradation of PIF3-like 5 (PIL5) 
bHLH transcription factor, which promotes ABA accumulation and represses GA 
accumulation in Arabidopsis seeds (Oh et al. 2006). Light also serves as an indicator 
of impending shading by neighboring vegetation and repress bud outgrowth. Low 
R/FR represses axillary shoot outgrowth, and the increase in the R/FR promotes the 
growth. The fact that ABA levels correlate negatively with bud growth and increas-
ing R/FR causes a reduction in ABA levels indicates that ABA regulates this process 
in response to R/FR (Reddy et al. 2013).

Strigolactones were originally identified as germination stimulators of para-
sitic weeds produced by host plants. They were later shown to be the growth 
regulator of the host plant itself and involved in inhibiting axillary bud outgrowth 
(Gomez-Roldan et al. 2008; Umehara et al. 2008; Domagalska and Leyser 2011). 
Characterization of MORE AXILLARY GROWTH ( MAX) in Arabidopsis and their 
orthologous genes in other species demonstrates that strigolactones regulate axil-
lary bud outgrowth and shoot branching in an auxin-dependent manner (Brewer 
et  al. 2009). A TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) transcrip-
tion factor, BRANCHED1 (BRC1), is an Arabidopsis orthologue of maize teosinte 
branched1 ( tb1) that represses axillary bud growth (Studer et  al. 2011; Aguilar-
Martinez et al. 2007; Gonzalez-Grandio et al. 2013). The expression of BRC1 is 
suppressed in max mutants indicating that it acts downstream of strigolactones to 
repress shoot branching in Arabidopsis (Aguilar-Martinez et  al. 2007). Genetic 
analysis indicates that strigolactone-deficient and insensitive mutants of Arabidop-
sis show germination phenotypes; thus, it promotes seed germination under some 
conditions (Tsuchiya and McCourt 2009; Tsuchiya et al. 2010; Toh et al. 2012).

Available microarray data are useful for comparison of transcriptomes between 
seed germination and axillary bud outgrowth. Two studies have reported transcrip-
tome analysis of Arabidopsis axillary bud outgrowth (Tatematsu et al. 2005; Reddy 
et al. 2013). Axillary buds outgrowth is induced by decapitation of the main shoot 
(Tatematsu et  al. 2005) or by increasing the R/FR ratio (Reddy et  al. 2013), in 
which the changes in transcription profile are observed within 6 h and 3 h after the 
treatment, respectively. Many research groups have reported transcriptome analysis 
of Arabidopsis seed germination. In germinating seeds, reprograming the expres-
sion of genes from seed maturation to germination such as those involved in DNA 
processing, transcription and protein synthesis has been seen as early as 6 h postim-
bibition (Nakabayashi et al. 2005). Further, transcriptome data from germinating 
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seeds and axillary bud outgrowth were compared (Tatematsu et al. 2005, 2008a, b). 
Both dry seeds and axillary buds of intact plants are in the quiescent state, and each 
growth-inducing treatment (i.e., imbibition for seeds and decapitation for axillary 
buds) triggers resumption of growth (Fig. 13.1a). Down-regulated genes represent 
those that are highly expressed in the quiescent organ, and up-regulated genes are 
associated with resumption of growth (Fig. 13.1b). There are significant overlaps 
in changes of transcriptomes observed during seed germination and axillary buds 
outgrowth.

In silico promoter analysis identified two cis-acting elements, Up1 and Up2, 
overrepresented in the 500-bp promoters of genes whose transcripts showed in-
creased abundance, by microarray analysis, after decapitation (Tatematsu et  al. 
2005). A synthetic promoter (proU1U2) made from repeats of Up1 and Up2 re-
sponded to decapitation and activated the reporter gene expression; however, the 
Up1 or Up2 repeat alone was unaffected by decapitation (Fig.  13.2; Tatematsu 
et  al. 2005). It is worth noting that both Up1 and Up2 were also significantly 
over-represented in the upstream regions of up-regulated genes during germina-
tion (Tatematsu et al. 2008b). Mutational analysis of a native Up1/Up2-containing 
promoter of RPL15B has shown that both Up1 and Up2 are necessary for the in-
duction of gene expression in axillary buds, while Up1 alone is sufficient to ac-
tivate germination-associated transcription (Tatematsu et al. 2005, 2008b). Some 
conclusions can be drawn by using the synthetic promoters containing Up1 and 
Up2 (Fig. 13.2). Up1 is similar to the site II motif known to be a potential target 
for a TCP transcription factor, while Up2 resembles the telo-box, the target site of 
the AtPure, a transcriptional regulator for protein synthesis and cell cycle-related 
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Fig. 13.1   Comparative transcriptome analysis. a Germination ( top) and axillary bud outgrowth 
( bottom). Analysis of the microarray data was performed on two physiological processes. Seed 
germination (before: dry seed; after: 24-h imbibed seed), axillary bud outgrowth (before: axillary 
buds from intact plants; after: axillary buds from plants 24-h after decapitation). b A typical micro-
array result plotted by the expression level before treatment and 24-h after treatment. Each dot 
represents the expression level of a single gene. Blue and red dots represent genes with increased 
transcript abundance before and after treatment, respectively
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genes. These two motifs coexist in the promoters of approximate 70 % of 216 Ara-
bidopsis ribosomal protein genes (Tremousaygue et al. 2003). Indeed, up-regulat-
ed genes in buds and seeds include a large number of ribosomal protein and cell 
cycle-related genes (Tatematsu et al. 2008a).

Genetic analysis also indicates the involvement of TCP transcription fac-
tors in growth regulation of axillary buds and seeds. The Arabidopsis genome 
contains 24 TCP genes, which are divided into two groups, class I and class II. 
Rice PCFs, positive regulators of cell proliferation, are the class I TCPs (Kosugi 
and Ohashi, 1997), while maize TB1 and snapdragon CYC, growth repressors of 
reproductive organs, belong to the class II TCPs (Doebley et  al. 1997; Howarth 
and Donoghue 2006). Arabidopsis TCP12/BRC1 and TCP18/BRC2, members of 
the class II TCPs, were shown to be involved in the inhibition of axillary bud out-
growth (Aguilar-Martinez et al. 2007), similar to maize TB1. Arabidopsis TCP14, a 

Fig. 13.2   Functional analysis of synthetic promoters driven by Up1 alone, Up2 alone, and both 
Up1 and Up2 elements. a Structure of synthetic promoter: β-glucuronidase (GUS). Synthetic pro-
moters are made with three tandem repeats of Up elements with a Cauliflower Mosaic Virus 35S 
minimal promoter (90-bp). GUS reporter gene contains the Nos terminator at the 3′ end. b GUS 
expression in the transgenic lines harboring control, proU1, proU2, and proU1U2 genes. From top 
to bottom: axillary buds of intact plants (before), axillary buds of decapitated plants (after), dry 
seeds (before), 48-h imbibed germinated seedlings (after). Arrowheads indicate GUS expression
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member of the class I TCPs, that is expressed most abundantly in germinating seeds 
promotes embryonic growth during germination (Tatematsu et al. 2008b).

Genes that were down-regulated during germination contain an over-represented 
number of ABA-responsive elements (ABREs) in their promoters (Nakabayashi 
et al. 2005). Over-representation of the ABRE is prominent for genes with abun-
dant mRNA accumulation in the dry seed, while these genes are down-regulated in 
response to seed imbibition. At the same time, no over-representation of ABREs 
can be seen in the promoters of genes highly expressed in 6-h imbibed seeds. This 
is consistent with the remarkable reduction in ABA levels observed within 6 hours 
after the start of seed imbibition (Nakabayashi et al. 2005). The ABRE is known to 
form a functional ABA response complex (ABRC) with other cis-acting elements or 
with itself (Shen and Ho 1995). The seed-specific enhancer RY/Sph motif and the 
coupling element (CE) were experimentally shown to function synergistically with 
the ABRE (Shen et al. 1996). Both ABREs and RY/Sph motif are overrepresented 
in genes highly expressed in the dry seed while the CE alone does not follow this 
pattern (Nakabayashi et al. 2005). The association of ABRE with CE, RY motif, or 
ABRE itself facilitates strong gene expression in the dry seed.

Reddy et al. (2013) reported transcriptome analysis on axillary bud outgrowth 
of Arabidopsis triggered by the increase in R/FR ratio. Down-regulated genes were 
over-represented in the GO category of ABA function. Consistent with the tran-
scriptome data, ABA-deficient mutants display enhanced axillary bud outgrowth 
under nonpermissive (low R/FR ratio) condition. Indeed, the decapitation-induced 
transcriptome of axillary buds was also over-represented with ABRE among down-
regulated genes, but with abundant expression in the quiescent bud (Fig. 13.3).

Part III: Conclusions and Prospective

Understanding growth regulation is essential for plant biology and biotechnology. 
Recent genome sequencing efforts demonstrate that the complex plant life is pro-
grammed within only 30,000–50,000 genes. Therefore, it is reasonable to speculate 
that each gene functions in multiple processes in plant life. Genetic analysis is a 
powerful approach to find a growth regulator commonly acting in multiple physi-
ological processes. For example, max2 mutants display phenotypes in both germi-
nation and axillary bud outgrowth, indicating that MAX2 is a common regulator 
for these processes. Although genetic and reverse-genetic approach is powerful, 
it is sensitive to gene redundancy. In addition, some plant species are not suitable 
for genetic analysis or making transgenic plants. Other complementary approaches 
might help to better understand the growth regulation in plants. Comparison of tran-
scriptomes is suitable for this approach, because it provides the common molecu-
lar markers and cis-acting elements from different sets of microarray data rather 
than simply providing differentially expressed gene lists. Transcriptomes from dif-
ferent organs can be compared to find common processes associated with growth 
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regulation. Furthermore, it has a potential to identify transcription factors that play 
a role through cis-acting elements. Noteworthy, transcriptome-based comparison 
and genetic analysis have different merits and act complementary to each other for 
understanding molecular mechanisms of growth.

Comparison of transcriptomes is useful for filling a gap of knowledge on mo-
lecular mechanisms that control plant growth. It provides us molecular markers 
for dissecting common and organ-specific mechanisms. In addition, comparison of 
transcriptomes from fully genome-sequenced plants allows examining cis-acting 
elements that are involved in determining transcriptome patterns. It is likely that 
currently identified cis-acting elements are not sufficient for explaining transcrip-
tional regulation associated with plant growth. Therefore, improvement of tools for 
in silico analysis will lead to a better prediction of the novel cis-acting elements 
that are involved in common and organ-specific growth regulation. It is important 
to link these regulatory elements to actual downstream growth regulation. Func-
tional analysis of identified genes/regulators in combination with cell biology and 
physiological analysis will be necessary to validate the findings from comparative 
transcriptome analysis.
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Fig. 13.3   Enrichment of ABRE in the promoters of genes highly expressed in quiescent organs. 
X-axis indicates the range of expression levels. Ratios of the number of genes with ABRE-contain-
ing promoters to the total number of genes in each expression range. The 1000-bp promoters hav-
ing ABRE (MCACGTGK) were searched at the Patmatch Web site (http://www.arabidopsis.org/
cgi-bin/patmatch/nph-patmatch.pl). Black and white bars indicate the ratios of ABRE-containing 
genes before and after treatment, respectively. a Axillary bud outgrowth. Genes down-regulated in 
axillary buds 24 h after decapitation were used. Expression levels were obtained from Tatematsu 
et al. (2005). b Seed germination. Gene down-regulated in 24 h-imbibed seeds were used. Expres-
sion levels were obtained from Nakabayashi et al. (2005)
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Introduction—Overall Differences Between Buds  
and Seeds

Dormancy in both buds and seeds is an important survival mechanism in the life cy-
cle of plants. Seed dormancy ensures distribution of germination in time and space 
and prevents ill-timed germination either in the fruit or on the ground, whereas bud 
dormancy inhibits buds from initiating new vegetative growth under favorable or 
unfavorable environmental conditions.

Although both buds and seeds contain viable shoot meristems, they are very dif-
ferent anatomically. The major difference is that a radicle can be found in seeds, but 
not in buds; in addition, buds remain on the plants during dormancy induction and 
release. In contrast, seed dormancy is induced during seed maturation while pods 
are still attached to the plants, and mature seeds undergo dormancy release process-
es (after-ripening) after disseminating from the plants. There are also differences in 
genotypic inheritance; buds are 100 % maternal, whereas only the seed coat (testa) 
is 100 % maternal in seeds. Other constituents of seeds in flowering plants (Angio-
sperms) include endosperm and embryo, where endosperm is 66 % maternal/33 % 
paternal and embryo is 50 % maternal/50 % paternal (Steward 1991). These dis-
parities in structural and genetic constituents might affect signal perception and re-
sponse differently during dormancy induction and release in buds and seeds.

In Arabidopsis, seed dormancy involves at least two sequential phases, arrested 
embryo growth and embryo dormancy (Raz et  al. 2001). Embryo growth (regu-
lated by cell division) is arrested around 10 days after pollination when the embryo 
is at the mature stage. Embryo dormancy increases in the seed sac until the seed 
is fully developed and dormancy reaches a maximum in ripe seeds. Dormancy in 
seeds is defined as a developmental state in which a viable seed fails to germinate 
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under favorable environmental conditions (Bewley 1997). Seed dormancy is also 
determined by both morphological and physiological properties, and includes five 
dormancy classes, namely physiological (PD), morphological (MD), morphophysi-
ological (MPD), physical (PY), and combinational (PY + PD) dormancy (Baskin 
and Baskin 2004; Nikolaeva 2004; Finch-Savage and Leubner-Metzger 2006). PD, 
including deep and non-deep dormancy, is the most common form of dormancy and 
can be released by cold or warm stratification. MD is caused by underdevelopment 
of the embryos, whereas MPD shows characteristics of both PD and MD. PY is 
caused by seed coat impermeability to water and thus requires mechanical or chemi-
cal scarification to break dormancy. PY + PD has characteristics of both PY and PD. 
In Arabidopsis, both testa and endosperm prevent germination of the embryo by 
providing a physical barrier for radical elongation, and dormancy can be released 
through moist chilling (stratification) or after-ripening (Debeaujon et al. 2000; Mül-
ler et al. 2006). Seed dormancy for leafy spurge ( Euphorbia esula L.) is classified 
as PD, and dormancy varies between populations from little or no dormancy to 
moderate periods of dormancy (Bowes and Thomas 1978; Foley and Chao 2008).

Bud dormancy is defined as the temporary suspension of visible growth of any 
plant structure containing a meristem, which was further subdivided into three well-
defined phases of para-, endo-, and eco-dormancy based on seasonal/environmen-
tal, dormancy-imposing stimuli (Lang et al. 1987). Paradormancy is growth cessa-
tion controlled by physiological factors within the plant but external to the affected 
structure, endodormancy is growth cessation controlled by physiological factors 
internal to the affected structure, and ecodormancy is growth cessation controlled 
by environmental factors external to the plant (Lang et al. 1987). Dormant buds also 
have specialized leaves (bud scales) which are known to filter red and far-red light 
reaching the apical dome (Pukacki et al. 1980).

Buds of annual plants such as pea and Arabidopsis have only a paradormancy 
phase. In contrast, woody perennials such as trees and shrubs have para-, endo-, 
and ecodormancy in primary and axillary buds. In the herbaceous perennial leafy 
spurge, all three phases of dormancy occur in underground adventitious buds (re-
ferred to in the literature as crown and root buds). However, unlike woody perenni-
als, the aerial portion of this herbaceous perennial senesces and dies in the fall, but 
buds on the underground crown and root systems become dormant and over-winter 
potentiating renewed seasonal shoot growth (Anderson et al. 2005).

Although differences in dormancy mechanisms are evident due to drastic ana-
tomical differences between bud and seed, similar pathways and mechanisms in-
volved in controlling dormancy development and release including photoperiod, 
temperature, hormones, circadian clock, epigenetic regulation, and genes associated 
with these signals and mechanisms have been identified. This review describes the 
main findings in those areas, and the focus will be placed on the similarity between 
bud and seed dormancy (see also Table 14.1). The contents are not meant to be com-
prehensive but will highlight the analogous key pathways/genes regulating seed and 
bud dormancy. We will also use leafy spurge, a model herbaceous perennial, as an 
example to describe commonalities in gene expression and molecular mechanisms 
during bud and seed dormancy and release.
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Signals and Genes Affecting Bud and Seed Dormancy

Temperature and Light

Bud  Environmental signals, primarily temperature (cold) and light (photope-
riod), are the most important signals for dormancy induction in buds, although the 
extent of these signals in regulating dormancy induction is species dependent. For 
example, many northern deciduous perennials including poplar (Howe et al. 1995; 
Jeknić and Chen 1999), birch (Li et  al. 2004), red osier dogwood ( Cornus sto-
lonifera Michx) (Smithberg and Weiser 1968), wild grape ( Vitus riparia) (Wake 
and Fennell 2000), and orpine ( Sedum telephium) (Heide 2001) require short day 
photoperiods (SDP) at normal growing temperatures to induce endodormancy. 
Some domesticated grape ( Vitus ssp.) (Wake and Fennell 2000), Scotch heather 
( Calluna vulgaris L.) (Kwolek and Woolhouse 1982), and leafy spurge (Foley et al. 
2009; Doğramacı et al. 2013) require both cold and SDP to induce endodormancy. 
In some species such as apple, pear ( Pyrus spp.), and willow ( Salix paraplesia), 
temperature alone can induce endodormancy (Heide and Prestrud 2005; Li et al. 
2005). Buds respond to photoperiod via PHYTOCHROME A (PHYA) to regulate 
dormancy development in Populus and Arabidopsis (Kozarewa et al. 2010; Kircher 
et al. 2011) and the expression of some cold-responsive genes in silver birch ( Betula 
pendula) (Puhakainen et al. 2004).

These environmental signals alter the physiology of these buds, which alters 
phytohormone [ethylene and abscisic acid (ABA)] levels and other changes that 
thwart buds from initiating new vegetative growth under growth-conducive condi-
tions (Allona et  al. 2008; Chao et  al. 2007; Franklin 2009; Rohde and Bhalerao 
2007). Other phytohormones [auxin, gibberellic acid (GA), cytokinin], sugar, and 
developmental signals (flowering and senescence) are also associated with changes 
in dormancy status that occur when plants perceive environmental signals. The in-
volvement and cross-talk among those signaling pathways during various phases of 
dormancy have been reviewed in several publications (Horvath et al. 2003; Chao 
et al. 2007; Rohde and Bhalerao 2007; Anderson et al. 2010; Tanino et al. 2010; 
Cooke et al. 2012).

Endodormancy release in buds is triggered by extended periods of low tempera-
ture (Horvath et al. 2003; Anderson et al. 2005; Rohde and Bhalerao 2007; Hold-
sworth et al. 2008). Endodormancy release and vernalization processes are needed 
for bud burst leading to vegetative growth and flowering. In general, bud growth 
does not occur immediately after endodormancy release in temperate field condi-
tions because growth is inhibited by low temperatures through the winter months 
(ecodormancy).

Seed  Temperature and light also are major environmental signals affecting seed 
dormancy (Donohue et  al. 2008; Chiang et  al. 2009). Temperature controls dor-
mancy release during dry storage (after-ripening) and regulates the rate of hard-seed 
breakdown (Probert 2000). In general, the rate of dormancy removal increases with 
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increasing temperature, and the rate of germination can be predicted by thermal-time 
requirements between individual seeds within populations in hydrated non-dormant 
seeds (Allen et  al. 1995; Favier 1995; Steadman et  al. 2003). Temperature also 
affects hormone levels through transcriptional regulation of GA biosynthesis and 
degradation enzymes. For example, the GA biosynthesis gene AtGA3OX1 can be 
induced by stratification at 4 °C in dark-imbibed seeds of Arabidopsis; in contrast, 
the GA degradation gene AtGA2OX2 is down-regulated by low temperatures, coin-
ciding with an increase in the level of GA (Yamauchi et al. 2004).

The effect of light on seed germination varies. Light appears to act as a depth-
sensing signal by preventing seed from germination too deep in the soil (Benech-
Arnold et al. 2000). In Arabidopsis and some other species, light affects seed germi-
nation through a photo-reversible regulation of GA biosynthesis genes as some GA 
biosynthesis genes are up-regulated by red light and down-regulated by far red light 
(Toyomasu et al. 1998; Yamaguchi et al. 1998; Yamauchi et al. 2004). Red light also 
decreases endogenous ABA levels in Arabidopsis seeds (Seo et al. 2006). Further-
more, temperature and light signals jointly regulate phytochrome-mediated seed 
germination pathways. Heschel et al. (2008) showed that PHYA had an important 
role in promoting germination at higher temperatures (above 25 °C), PHYE was im-
portant at low temperatures (below 10 °C) and PHYB was important across a range 
of temperatures. Temperature and light also regulate seed dormancy induction and 
release through controlled expression of temperature- and/or light-regulated genes 
such as DELAY OF GERMINATION 1 ( DOG1), C-REPEAT BINDING FACTOR 
( CBF) group, PHYA, FLOWERING LOCUS C ( FLC ), and MOTHER OF FT AND 
TFL1 ( MFT) (Chiang et al. 2009; Footitt et al. 2011, 2013; Kendall et al. 2011).

Phytochrome A (PHYA) and its Companion Genes

Bud  Phytochromes have the capacity to rapidly sense changes of incident light 
composition and regulate all aspects of photomorphogenic development in plants 
(Kircher et al. 2011). In woody hybrid aspen species ( Populus tremula × P. trem-
uloides), PHYA mediates length of daylight (photoperiod) detection (Olsen et al. 
1997; Welling et al. 2002; Kozarewa et al. 2010). PHYA also responds to cold and 
regulates the expression of cold-responsive genes; for example, cold-responsive 
gene expression was greatly enhanced in silver birch by low temperatures under 
SDP conditions (Puhakainen et al. 2004). PHYA (and thus SDP) appears to also act 
through ABA and ethylene signaling pathways for endodormancy induction (Rohde 
et al. 2002; Ruonala et al. 2006; Ruttink et al. 2007).

Moreover, PHYA is involved in regulating the flowering-related protein FLOW-
ERING LOCUS T (FT) through CONSTANS (CO) to control growth cessation and 
endodormancy (Böhlenius et al. 2006; Ruonala et al. 2008). CO and FT mediate 
SDP-induced signals leading to growth cessation (Böhlenius et al. 2006). In Arabi-
dopsis, FT is positively regulated by photoperiod through PHYA and CO and is neg-
atively regulated by FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE 
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PHASE (SVP) (He and Amasino 2005; Helliwell et  al. 2006); CO activates the 
expression of FT, promoting flowering under long-day photoperiods and inhibiting 
flowering under SDP (Yanovsky and Kay 2002). Down-regulation of FT in poplar 
appears to trigger subsequent events leading to dormancy, whereas over-expres-
sion of FT in poplar prevents SDP-induced growth cessation, which is required for 
endodormancy induction (Böhlenius et al. 2006). Transgenic poplar over-express-
ing PHYA also exhibit elevated levels of FT and do not enter endodormancy after 
extended periods of SDP treatments (Ruonala et al. 2008). Studies from several tree 
species have shown that transduction pathways regulating endodormancy and flow-
ering appear to converge (Rohde and Bhalerao 2007). However, it remains to be 
resolved on how these pathways interact. Interestingly, Hsu et al. (2011) observed 
that two FT genes (FT1 and FT2) regulate different processes in poplar; FT2 is a 
negative regulator of seasonal growth cessation, bud set, and dormancy induction 
and is down-regulated in late summer, whereas FT1 primarily regulates flowering 
and is up-regulated during ecodormancy.

Seed  PHYA contributes to the suppression of seed germination (Heschel et  al. 
2008). PHYA expression is greatest in deeply dormant seeds (Footitt et al. 2013), 
and oat PHYA over-expression results in reduced bioactive GAs in tobacco ( Nico-
tiana tabacum) (Jordan et al. 1995). Seeds respond to light via PHYA to determine 
the actual time of germination, and high PHYA expression appears to be linked 
to lengthened dark exposure and low temperature (Footitt et  al. 2013). Interest-
ingly, PHYA also promotes germination in imbibed seeds through phytochrome-
mediated degradation of PHYTOCHROME-INTERACTING FACTOR3-LIKE5 
(PIL5 or PIF1), which is a major component in seed light responses and a negative 
regulator of seed germination. PIL5 represses the expression of GA biosynthetic 
genes ( GA3OX1 and GA3OX2) and thus impedes seed germination. When imbibed 
seeds perceive light, activated phytochromes transmit the light signal in the nucleus, 
resulting in PIL5 degradation and GA synthesis (Oh et  al. 2006). Barrero et  al. 
(2014) revealed that CRYPTOCHROME1 (CRY1) photoreceptor mediates the 
effects of blue light on seed dormancy in barley, and the inhibition of seed germina-
tion coincides with induction of the ABA biosynthetic gene 9-cis-epoxycarotenoid 
dioxygenase ( NCED1) and increase in ABA levels.

Circadian Clock Genes

Bud  The circadian clock plays important roles in coordinating control of bud 
development and dormancy. CIRCADIAN CLOCK ASSOCIATED 1 ( CCA1), 
LATE ELONGATED HYPOCOTYL ( LHY), and TIMING OF CAB EXPRESSION 1 
( TOC1/PRR1) are major components of the central oscillator. Reciprocal regulation 
between LHY/CCA1 and TOC1 forms the central loop for clock function in Ara-
bidopsis. CCA1 and LHY are morning-induced MYB-domain transcription factors 
that bind directly to the TOC1 promoter to inhibit TOC1 expression in Arabidopsis, 
and TOC1 is an evening-expressed pseudo-response regulator (PRR) that binds to 
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the promoters of CCA1 and LHY to repress expression of these two genes (Alabadí 
et al. 2001; Gendron et al. 2012; Pokhilko et al. 2012). In woody hybrid aspen spe-
cies ( Populus tremula × P. tremuloides), LHY sets the critical day length for growth 
cessation, since down-regulation of LHY delayed bud set, reduced freezing toler-
ance, and delayed bud burst. However, down-regulation of TOC1 enhanced LHY 
expression in cold and increased freezing tolerance in poplar (Ibáñez et al. 2010), 
showing similar functional relationships to that of Arabidopsis LHY and TOC1, 
which mutually repress each other in gene expression to control clock output. 
CCA1 and LHY also regulate the CBF cold-response pathway by binding directly 
to promoters of CBF1-3 genes to control cold response/acclimation and freezing 
tolerance in Arabidopsis (Dong et al. 2011).

Seed  Circadian clock affects seed dormancy through a series of interlocking 
transcriptional loops involving LHY, CCA1, GIGANTEA ( GI), TOC1/PRR1, and 
ZEITLUPE ( ZTL) (Penfield and King 2009). LHY, CCA1, and GI are required for 
appropriate seed dormancy and the response to dormancy release signals since 
mutations in these three genes cause germination defects in response to low tem-
perature, alternating temperatures, and dry after-ripening (Penfield and Hall 2009). 
In addition, clock gene expression is arrested in an evening-like state in dry seeds 
and entrains to light/dark cycles in ambient temperatures upon imbibitions (Penfield 
and Hall 2009). Furthermore, the ‘evening loop’ components GI and TOC1 were 
associated with dormancy release in seeds; they are important for regulating the 
expression of ABA- and GA-responsive genes (Penfield and Hall 2009).

ABA and GA—Two Major Phytohormones Regulating Bud  
and Seed Dormancy and Release

Bud  ABA is essential in controlling bud development and maturation (Rohde et al. 
2002; Rohde and Bhalerao 2007; Ruttink et  al. 2007) and may contribute to the 
suppression of growth during bud formation (Ruttink et  al. 2007). In fact, ABA 
levels increased in apical buds of poplar after 24 to 27 d, under SDP, coincident 
with the cessation of growth (Rohde et al. 2002). Likewise, increased endogenous 
ABA levels in apical and lateral buds of silver birch also suggested a role for ABA 
in endodormancy induction (Li et  al. 2003). ABA-INSENSITIVE 3 (ABI3) is a 
transcription factor that positively regulates ABA signaling. Black cottonwood 
( Populus trichocarpa) ABI3 is expressed in buds and its expression correlates well 
with natural bud set and dormancy, which occurs after plants perceive a critical 
photoperiod (Rohde et al. 2002). During bud development, ABI3 may be involved 
in increasing ABA sensitivity at critical times (3 to 4 weeks of SDP) when the ABA 
concentration reaches its peak (Ruttink et al. 2007). ABI3 may also influence light 
signal transduction; the expression of FT and its close family member MFT are 
strongly up-regulated in transgenic poplars over-expressing ABI3 after the onset 
of SDP (Ruttink et al. 2007). FT belongs to the small phosphatidylethanolamine-
binding protein (PEBP) gene family and regulates flowering in Arabidopsis and 
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other perennial models (Cooke et al. 2012; Pin and Nilsson 2012). In general, FT is 
down-regulated under SDP to bring seasonal arrest (Böhlenius et al. 2006) and up-
regulated during cold-induced dormancy release (Rinne et al. 2011).

During bud development, reduction in bioactive GA levels in response to SDP is 
required to control growth cessation and bud formation (Cooke et al. 2012). Under 
SDP in hybrid aspen, the activity of a GA biosynthetic enzyme, GA20 oxidase, is 
reduced (Eriksson and Moritz 2002). In addition, transgenic hybrid aspen plants 
over-expressing an oat PHYA do not perceive SDP and are unable to down-regu-
late GA levels (Olsen et al. 1997). However, low GA levels alone cannot induce 
endodormancy development (Olsen 2010). In contrast, ample bioactive GA is need-
ed for shoot elongation and bud burst in poplar (Zawaski et al. 2011).

Seed  ABA is produced by the seed itself where it is a positive regulator of seed dor-
mancy. ABA is involved in the suppression of GA biosynthesis in developing seeds 
and during seed germination (Seo at al. 2006), whereas GA counteracts the effects 
of ABA by promoting dormancy release and germination. Several genes includ-
ing ABA DEFICIENT 1 ( ABA1), 9-cis-epoxycarotenoid dioxygenase ( NCEDs), 
and ABA2/GIN1/SDR1 are involved in ABA biosynthesis in seeds (Nambara and 
Marion-Poll 2003). ABA positively regulates the expression of ABI3 and ABI5 
transcripts and the level/activity of their respective proteins (Lopez-Molina et al. 
2002; Holdsworth et al. 2008). ABI3 and ABI5 are transcription factors required 
for seed maturation and dormancy induction (Holdsworth et al. 2008) as well as 
growth arrest in germinating seeds under adverse conditions (Giraudat et al. 1992; 
Finkelstein and Lynch 2000). ABI3 is involved in regulating embryo dormancy 
through control of several cellular processes such as ABA sensitivity, desiccation 
tolerance, and storage protein accumulation during late embryogenesis and seed 
maturation (Parcy et al. 1994). ABI5 acts downstream of ABI3 implementing the 
ABA-dependent growth arrest (Lopez-Molina et al. 2002). ABI3 also interacts with 
FUSCA3 ( FUS3), LEAFY COTYLEDON 1 ( LEC1), and LEC2 in the regulatory 
network to control embryo growth arrest, seed maturation, dormancy induction, 
and the expression of storage proteins in Arabidopsis (Raz et al. 2001; Kagaya et al. 
2005; To et al. 2006).

GA biosynthesis may involve cross-talk with ABA, ethylene, or auxin pathways 
(Curaba et al. 2004). Recently, Toh et al. (2012) showed that strigolactones modu-
late the ABA/GA ratio in secondary dormancy control. A period of after-ripening 
(seed storage) is required for dormancy release following seed dissemination from 
the plant. The speed of after-ripening varies depending on environmental conditions 
during seed maturation, storage, and germination (Donohue et al. 2005). Several 
genes such as SPATULA ( SPT), PIL5, and COMATOSE ( CTS) (Russell et al. 2000; 
Penfield et al. 2005) are involved in the after-ripening process. SPT and PIL5 are 
basic helix-loop-helix transcription factors and involved in cold stratification. Both 
inhibit the GA biosynthesis genes GIBBERELLIC ACID 3-OXIDASE 1 ( GA3OX1) 
and GA3OX2 expression, thus repressing seed germination. CTS encodes an ATP-
binding cassette transporter that is required for the import of biologically important 
molecules into the peroxisome. Transcriptome analysis has provided some evidence 
of interactions between CTS and GA in the expression of germination-related tran-
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scripts (Carrera et al. 2007). Embryo arrest is reversed upon germination after dry 
Arabidopsis seeds are imbibed in water (Liu et al. 2009). The signaling molecule 
nitric oxide (NO) releases seed dormancy in many species by decreasing ABA 
sensitivity and/or concentration of imbibed seeds (Bethke et  al. 2004, 2006; Liu 
et al. 2009; Šírová et al. 2011). Also, GA3OX and CYTOCHROME P450 707A2 
( CYP707A2) genes are induced after imbibition of after-ripened seeds. CYP707A2 
is required for ABA breakdown (Kushiro et al. 2004) and GA3OX catalyzes GA 
synthesis (Yamauchi et al. 2004). Moreover, MFT regulates seed germination via 
the ABA and GA signaling pathways. MFT is a negative regulator of ABA signaling 
in Arabidopsis, and it promotes embryo growth by directly repressing ABI5 expres-
sion (Xi et al. 2010).

MADS Domain Genes

Bud  The FLOWERING LOCUS C ( FLC) gene encodes a MADS domain protein, 
which acts as a repressor of flowering by down-regulating FT in Arabidopsis. Late-
flowering ecotypes of Arabidopsis containing dominant alleles of FLC suppress 
flowering (Michaels and Amasino 1999). Other flowering-related MAD domain 
proteins known as DORMANCY ASSOCIATED MADS-BOX ( DAM) were identi-
fied based on their functional relationship with endodormancy in the EVERGROW-
ING locus of peach ( Prunus persica) (Bielenberg et al. 2004, 2008). Mutations in 
this locus prevent terminal buds from going into endodormancy, and map-based 
cloning revealed that it was caused by a deletion of 6 tandem repeated DAM genes. 
DAM gene expression is markedly affected by photoperiod and chilling signals (Li 
et al. 2009). Over-expressing PmDAM6 from Japanese apricot in poplar enhanced 
dormancy induction and reduced FT transcript levels (Sasaki et al. 2011).

DAM genes are related to transcription factors AGAMOUS-LIKE 24 (AGL24) 
and SHORT VEGETATIVE PHASE ( SVP) genes of Arabidopsis. AGL24 and SVP 
have opposite effects on flowering in Arabidopsis; SVP inhibits flowering through 
negative regulation of the floral regulatory genes FT, and AGL24 promotes flower-
ing through positive regulation of LEAFY ( LFY) (Hartmann et al. 2000; Michaels 
et al. 2003). SVP is negatively regulated by the circadian regulatory proteins CCA1 
and LHY (Fujiwara et al. 2008). DAM genes have a closer phylogenetic relationship 
with AGL24; however, their physiological roles appear to be more analogous to SVP 
and FLC. Leafy spurge DAM genes are preferentially expressed in shoot tips and 
buds in response to cold temperature and SDP-associated endodormancy induction 
(Horvath et al. 2010). Li et al. (2009) showed that peach DAM genes have distinct 
seasonal and photoperiodic expression patterns in that DAM1, DAM2, and DAM4 
are correlated with growth cessation and bud set, while DAM5 and DAM6 are cor-
related with dormancy.

Seed  FLC is also involved in seed germination. Chiang et al. (2009) demonstrated 
that FLC acts through FT, SUPPRESSOR OF OVER-EXPRESSION OF CO1 
(SOC1), and APETALA1 (AP1) to stimulate ABA degradation and GA synthesis 
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during seed development and germination. Both SOC1 and AP1 are members of 
the MADS-box family of transcription factor. FLC-mediated seed germination is 
considered maternally controlled because FLC expression peaks while FT, SOC1, 
and AP1 levels decrease during seed maturation, which is associated with elevated 
levels of CYP707A2 (ABA degradation) and GA20OX1 (GA synthesis) expression. 
Interestingly, this physiological signal still affects the ABA and GA germination 
pathway after seeds are separated from maternal plants and promotes seed germina-
tion under cool temperatures (Chiang et al. 2009).

Epigenetic Regulation

Bud  Epigenetic regulation appears to be required in bud dormancy. Santamaría 
et al. (2009) observed opposite patterns for acetylated H4 histone and genomic DNA 
methylation in buds of dormant and non-dormant chestnut tree, suggesting different 
forms of epigenetic arrangement monitor gene expression during transition between 
different phases of dormancy. They further observed that the expression of genes 
involved in epigenetic regulation is associated with dormancy induction and release 
as HUB2 (histone monoubiquitinase) and GCN5L (histone acetyltransferase) tran-
scripts peaked in late November and AUR3 (histone H3 kinase) transcripts peaked 
during bud burst (Santamaría et  al. 2011). DAM gene expression during vernal-
ization and endodormancy could also be mediated by common epigenetic mecha-
nisms. Prolonged cold exposure causes a decrease in trimethylation of H3 lysine 4 
(H3K4me3) and an increase of H3K27me3 in the promoter of leafy spurge DAM1 
concomitantly with gene repression and dormancy release (Horvath et al. 2010). 
In peach, DAM6 also shows epigenetic changes associated with gene repression 
after dormancy release; there is an overall modification of H3K27me3 in the DAM6 
promoter, coding region, and intron in addition to a decrease of H3 acetylation and 
H3K4me3 modification around the translation start region (Leida et al. 2012). These 
results implied that epigenetic regulation is involved in bud dormancy; however, the 
details of their mechanistic roles remain to be elucidated. Chromatin remodeling 
may also have a role during ecodormancy to release dormancy and could promote 
bud growth and flowering when environmental conditions are optimal; however, 
alteration in these molecular mechanisms is not understood (Horvath et al. 2003, 
Romeu et al. 2014).

Seed  Epigenetic regulation of gene expression is also needed in Arabidopsis seed 
dormancy. Histone H2B monoubiquitination genes, HUB1 and HUB2, appear to be 
involved in dormancy induction since mutation of these two genes leads to reduc-
tion in seed dormancy (Liu et al. 2007). HUB1 encodes a C3HC4 RING finger pro-
tein and may function as an E3 ligase for monoubiquitination of histone H2B and 
chromatin remodeling, affecting the expression of several dormancy-related genes 
(Liu et al. 2007, 2011). DELAY OF GERMINATION 1 ( DOG1) is a seed dormancy 
gene responsible for variations occurring in natural Arabidopsis populations (Ben-
tsink et al. 2006). This protein has the greatest similarity to a wheat Histone DNA 
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Binding Protein-1b (HBP-1b) (Bentsink et al. 2006). HBP-1b is a leucine zipper-
type transcription factor that binds to the hexameric motif ACGTCA in the regula-
tory region of the wheat Histone H3 gene (Mikami et al. 1989). DOG1 is localized 
in the nucleus and accumulates during seed maturation, showing a positive correla-
tion with dormancy levels (Nakabayashi et al. 2012). Nevertheless, this relation-
ship is lost in after-ripened seeds because protein levels still remain relatively high. 
Nakabayashi et al. (2012) proposed that protein modification (a shift in the isoelec-
tric point) may make DOG1 non-functional prior to and following after-ripening. 
The DOG1 gene is also down-regulated in Arabidopsis hub1-2 mutants, indicating 
that absence of functional HUB1, i.e. monoubiquitination of histone H2B, leads to 
altered expression of DOG1. This result further indicates that chromatin remodeling 
may be important for seed dormancy (Liu et al. 2011).

Commonalities on Gene Expression During Bud and Seed 
Dormancy Induction and Release in Leafy Spurge

Leafy spurge is considered an invasive perennial weed in the Upper Great Plains of 
North America and has been reported to cause significant economic losses (Leitch 
et al. 1996). Dormancy in both underground adventitious buds (UABs) and seeds 
is an important survival mechanism in the life cycle of leafy spurge. Leafy spurge 
UABs exhibit three well-defined phases of para-, endo-, and ecodormancy; how-
ever, seed dormancy for leafy spurge is classified as physiological dormancy that 
requires after-ripening and alternating temperature for maximal germination. Over-
laps in transcriptome profiles between different phases of UAB and seed dormancy 
have not been determined. We thus compared various phases of dormancy between 
seeds and buds, namely (1) paradormant buds vs. growth-competent seeds and (2) 
ecodormant buds vs. growth-competent seeds to identify common genes and mo-
lecular processes. The expression profiles of 201 leafy spurge genes involved in 
growth, hormone, light, and temperature response/regulation were examined using 
quantitative real-time—PCR (qRT-PCR) on RNA samples prepared from seeds and 
buds (Chao et al. 2014). All leafy spurge transcripts discussed here are based on 
annotation against the Arabidopsis database (www.arabidopsis.org), and the results 
are summarized below.

In this comparison (Table 14.2), leafy spurge crown buds (designated as “buds” 
throughout this section) were prepared according to Doğramacı et al. (2010, 2013). 
Prior to the start of each experiment, intact plants were acclimated in a growth 
chamber for 1 week at 27 °C, 16:8 h light:dark photoperiod and subjected to four 
different treatments: I) Para: paradormant plants were kept under constant tempera-
ture and photoperiod (27 °C, 16 h light); II) 2d-growth: paradormant plants were 
decapitated to induce and allow bud growth for 2 days at 27 °C, 16:8 h light:dark 
photoperiod; III) Endo: paradormant plants were subjected to a ramp-down in tem-
perature (27 → 10 °C) and photoperiod (16 h → 8 h light) for 12 weeks to induce 
endodormancy; and IV) Eco: endodormant plants were given extended cold treat-
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ment for 11 weeks at 5–7 °C, under constant 8:16 h light:dark photoperiod to induce 
buds from endo- to ecodormancy.

Leafy spurge seed treatments were previously described (Foley et  al. 2010; 
Chao et  al. 2011). In this study, three germination treatments (Table  14.2) were 
prepared: I) 1d C: seeds incubated for 1 d at the constant temperature of 20 °C; II) 
21d C: seeds incubated for 21 d at the constant temperature of 20 °C; and III) 21d 
C + 2d A: seeds imbibed for 21 d at 20 °C followed by 2 d at alternating temperature 
(20:30 °C/16:8 h).

As summarized in Table 14.2, seeds incubated for 1 day at the constant tempera-
ture of 20 °C (1d C) will not germinate at optimal growth conditions; however, seeds 
incubated at a constant temperature of 20 °C for 21 days (21d C) will germinate 
when subjected to alternating temperatures of 20:30 °C (Foley et al. 2010). There-
fore, the physiological state of 21d C seeds could be comparable to paradormant 
buds if seed germination was inhibited by endosperm-generated signals. In contrast, 
the physiological state of 21d C seeds could also be comparable to ecodormant buds 
if seed germination was inhibited by mechanisms such as a requirement for diurnal 
temperature variation. The physiological state of endodormant buds could be com-
parable to 1d C, since neither will germinate at optimal growth conditions.

Cluster analysis on the expression profiles of 201 genes indicated that buds and 
seeds fall into two main groups. One group contained all bud samples: Eco, Endo, 
Para, and 2d-growth. The other group contained all seed samples: 1d C, 21d C + 2d 
A, and 21d C. These results indicate substantial transcriptomic divergence exists 
between buds and seeds, which was likely due to differences in tissue types or other 
physiological, developmental, or environmental states. Consequently, direct com-
parison between buds and seeds was implausible. We thus selected the endodormant 
phase as the baseline for buds and dormant seeds (1d C) as the baseline for seeds, 
due to their inability to grow at optimal growth conditions.

Differentially expressed genes within buds (i.e. ‘Para to Endo’ or ‘Eco to Endo’ 
or ‘2d-growth to Endo’) and seeds (i.e. ‘21d C to 1d C’ or ‘21d C + 2d A to 1d C’) 
were determined first for the 201 genes by qRT-PCR. Transcript abundance for 
48, 29, and 64 genes was significantly different ( p < 0.1) in ‘Para to Endo’, ‘Eco 
to Endo’, and ‘21d C to 1d C’ comparisons, respectively. After growth initiation, 
transcript abundance for 23 and 35 genes was significantly different ( p < 0.1) in 
‘2d-growth to Endo’ and ‘21d C + 2d A to 1d C’ comparisons, respectively. Com-
mon differentially expressed genes that have the same trend in expression pattern 
were then identified based on the following comparisons: (1) paradormant buds 
vs. growth-competent seeds (‘Para to Endo’ vs. ‘21d C to 1d C’), (2) ecodormant 
buds vs. growth-competent seeds (‘Eco to Endo’ vs. ‘21d C to 1d C’), and (3) 2d 
growth-induced buds vs. 2d germination-induced seeds (‘2d-growth to Endo’ vs. 
‘21d C + 2d A to 1d C’).

Comparison of transcript abundance for the ‘Para to Endo buds’ and ‘21d C to 1d 
C seeds’ identified 9 common differentially expressed genes with the same trend in 
expression pattern. These 9 transcripts are associated with cell cycle ( HisH4), stress 
response/transcription factors ( ICE2, ERFB4/ABR1), ABA and auxin response 
( ABA1, ARF1, IAA7, TFL1), carbohydrate/protein degradation ( GAPDH_1), and 
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transport ( ABCB2). TFL1 ( TERMINAL FLOWER1) transcript level was significant-
ly higher in dormant buds and seeds relative to growth competent buds and seeds. 
TFL1 protein is a key floral repressor that maintains indeterminate (vegetative) 
growth in the center of the shoot apical meristem in Arabidopsis (Ratcliffe et al. 
1999). Although it is not known if TFL1 is involved in dormancy development, the 
up-regulation of a putative TFL1 transcript in dormant buds and seeds is consistent 
with the findings that down-regulation of FT, which encodes a major component of 
the florigen, in poplar triggers subsequent events leading to dormancy (Böhlenius 
et al. 2006).

In addition, the ABA biosynthetic gene ABA1 was down-regulated in both para-
dormant buds and 21d C seeds relative to endodormant buds and 1d C seeds, re-
spectively, indicating that ABA synthesis was lower in paradormant buds and 21d 
C seeds relative to their baseline. Likewise, genes involved in auxin transport 
( ABCB2) and response ( IAA7/AXR2, ARF1) were down-regulated in paradormant 
buds and 21d C seeds, suggesting that auxin signaling was lower as well in parador-
mant buds and 21d C seeds relative to their baseline. In contrast, only 3 common 
differentially expressed genes had the same trend in expression pattern for the ‘Eco 
to Endo buds’ and ‘21d C to 1d C seeds’ comparison. These 3 genes are associated 
with ABA response ( ATEM6), auxin response ( ARF1), and cell cycle ( HisH4). On 
the basis of these results, we conclude that the physiological state of 21d C seeds is 
more analogous to paradormant buds than that of ecodormant buds.

Comparison of transcript abundance for the ‘2d-growth to Endo’ vs. ‘21d C + 2d 
A to 1d C’ identified transcripts associated with auxin transport ( PID, PIN3) and 
growth ( EXP6), indicating that growth initiation induces auxin response/transport 
and cell expansion processes in both buds and seeds. The combined results indicate 
that common molecular mechanisms involved in dormancy transitions of buds and 
seeds involve processes associated with ABA and auxin signaling and transport, cell 
cycle, and AP2/ERF transcription factors or their up-stream regulators.

Conclusion

The physiology and molecular mechanisms of dormancy are complex. Although 
a substantial number genes reviewed in this chapter were not among the common 
differentially expressed genes identified in bud and seed dormancy in leafy spurge, 
the observation that dormancy transitions in buds and seeds involved processes as-
sociated with abscisic acid- and auxin-signaling and transport, cell cycle, and AP2/
ERF transcription factors is consistent with the literature review. There is no con-
sistent hypothesis to account for induction, maintenance, and breaking of dormancy 
for buds and seeds across all species. However, dormancy researches have gener-
ated vast information on how plants respond to and interact with environmental 
signals and have identified many factors including light (photoperiod), temperature 
(cold), hormones, circadian clock, and epigenetic regulation that control dormancy-
associated genes regulating induction and release of dormancy in buds and seeds. 
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On the basis of these findings, we conclude that dormancy mechanisms are difficult 
to compare due to intrinsic differences between terminal and axillary buds of an-
nuals and perennials, underground adventitious buds of herbaceous perennials, and 
seeds from all three of the aforementioned species, even though buds and seeds 
perceive and respond to similar environmental and developmental signals. Addi-
tionally, our research was conducted using complete seeds/buds and did not take 
the individual contributions of various tissues into account. Different parts of the 
bud and seed play different roles during their dormancy cycle and, thus, it would be 
more informative if expression analyses were compared separately with analogous 
meristematic regions of bud and seed. However, these types of fine-scale studies are 
labor-intensive and technically challenging.

Nevertheless, bud and seed dormancy share many common physiological pro-
cesses. The most obvious examples are that both require ABA to induce dormancy 
and GA to break dormancy. Low temperature also seems to be a common factor for 
releasing buds and seeds from dormancy in many species. Not surprisingly, some 
similar signals control different phases of dormancy between bud and seed; for 
example, light and temperature signals show a profound effect for dormancy induc-
tion in buds, but in contrast, these two signals predominately determine dormancy 
release in seeds—a possible phenomenon of position and anatomical differences. 
Using two common baselines, endodormant buds (Endo) and dormant seeds (1d 
C), we were also able to identify genes associated with similar dormancy physiol-
ogy in leafy spurge buds and seeds based on commonalities in differentially ex-
pressed genes. According to the number of common genes showing the same trend 
in expression pattern, we conclude that physiological relatedness in some phases 
of dormancy does exist between buds and seeds, and these genes may be used as 
molecular markers for specific dormancy phases in both buds and seeds.
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Introduction

The requirement for exposure to chilling temperatures for release from dormancy 
and resumption of normal growth is characteristic of seeds (cold stratification) and 
buds (chilling requirement) of many plant species. Curiously, the potential for the 
same or a very similar mechanism to underlie both traits has not received much 
attention. Investigation of the chilling requirement of buds has been the greatest 
focus of horticulturalists dealing with fruit and nut trees where chilling requirement 
is major determinant of bloom time (Luedeling and Brown 2011). Fruit and nut 
tree species are perennial and generally clonally propagated by bud grafting, and 
therefore, seed biology is typically not a major cultural concern except in breeding 
programs (Loreti and Morini 2008). Literature has generally focused on vernaliza-
tion as a model for the study of molecular and genetic regulation of the bud chilling 
requirement (Horvath et  al. 2003; Horvath 2009). This reflects the earlier focus 
of the Arabidopsis thaliana community on understanding the control of flowering 
time, which subsequently produced some of the earliest insights into the molecular 
control of a chilling-triggered response (Michaels and Amasino 2000; Sung and 
Amasino 2006). However, comparing the physiological and developmental events 
of seed and bud dormancy (growth arrest of a vegetative meristem) to each other 
might be more informative than comparing them to the vegetative to reproductive 
meristem transition that occurs as the result of vernalization.

One impediment to comparing the genetic and molecular regulation of bud chill-
ing requirement to either seed moist chilling requirement or vernalization is that 
the processes have been studied in different species, sometimes with quite differ-
ent life histories; for example, such as the difference between Arabidopis thaliana 
and woody perennials (Hanninen and Tanino 2011; Hemming and Trevaskis 2011). 
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The evolutionary distance and adaptive histories of different species may introduce 
specific peculiarities. These factors are likely to obscure the fundamental regula-
tory processes of interest to researchers who wish to understand the core regula-
tory components that are essential and shared between the three chilling-related 
phenomena discussed above. Research in Arabidopsis has begun to address the ge-
netic and molecular regulation associated with chilling requirement of moist seed 
and where these processes share similarities and differences to the well-described 
vernalization process (Holdsworth et al. 2008; Graeber et al. 2012; Penfield and 
Springthorpe 2012). Here, peach ( Prunus persica) is proposed as a model that could 
be used in a similar manner to examine the genetic and regulatory similarities be-
tween bud chilling requirement and stratification of moist seed.

Peach is a Genetic Model System Within the Rosaceae 
with a Number of Traits that Make it a Highly Amenable 
Genetic and Molecular Subject

Among fruit trees, peach is one of the most amenable genetic systems for gene dis-
covery and genomics (Shulaev et al. 2008). Peach is a self-fertile, diploid species 
with a relatively short juvenile period of 2–4 years. Thousands of well-character-
ized cultivars exist with significant variation in phenological traits such as chill-
ing requirement and bloom date (Okie 1998; Bielenberg et al. 2009). Considerable 
genetic mapping resources are available for peach, which have been successfully 
used to localize numerous Mendellian and quantitative traits in the genome and, in 
some cases, even identify causal mutations responsible for trait variation (Monet 
and Bassi 2008; Falchi et al. 2013; Salazar et al. 2014). Finally, the peach genome is 
small (approx. 230 Mb), fully sequenced and well-annotated, which facilitates gene 
discovery from mapping projects (Verde et al. 2013; Jung and Main 2014).

Peach has the Most Extensive Literature Database 
Describing the Genetic Basis of Quantitative Bud chilling 
Requirement that Exists for Perennial Tree Species

Peach has been a model for studying the physiology and genetics of bud chilling re-
quirement in fruit and nut trees for many decades. Phenological models of effective 
chilling temperatures and chilling accumulation were all developed in peach and 
later adapted for other species (Weinberger 1950; Richardson et al. 1974; Erez and 
Fishman 1998; Luedeling and Brown 2011). In recent years, a number of studies 
in peach (and other closely related Prunus sp.) have identified multiple QTLs for 
the genetic control of chilling requirement and subsequently bloom date in peach. 
Independent groups using diverse germplasm have identified at least three consis-
tent, strong effect QTLs on LGs 1, 4 and 7, in addition to a number of other QTLs 
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with less consistent effects on chilling requirement and bloom date (Fan et al. 2010; 
Eduardo et al. 2011; Dirlewanger et al. 2012; Romeu et al. 2014). These QTL map-
ping efforts have been limited by the relatively low population numbers used in 
most peach mapping studies (100-400 individuals). However, the recent availability 
of high-density SNP mapping methods and genome-wide association studies using 
diverse germplasm collections are improving the resolution of mapping studies in 
peach (Falchi et al. 2013).

In at least one case, a very narrow, strong effect chilling requirement QTL co-lo-
calized with the previously described evergrowing non-dormant mutant (Bielenberg 
et al. 2008; Fan et al. 2010). This discovery led to the hypothesis that the Dorman-
cy-Associated MADS box genes ( DAM5 and DAM6) may have a role in repressing 
bud outgrowth during endodormancy. Subsequent experiments demonstrated that 
DAM5 and DAM6 were short-photoperiod induced and chilling repressed, consis-
tent with their induction in the autumn and repression during winter (Li et al. 2009; 
Jiménez et al. 2010). Most interestingly, repression of DAM5 and DAM6 expression 
correlated with satisfaction of chilling requirement (measured by bud break com-
petence) in field grown trees (Li et al. 2009). The same relationship was observed 
for time to bud break in trees grown under controlled chilling conditions (Jiménez 
et al. 2010).

Peach Seed Germinates in Response to Moist Chilling

Peach seeds have a requirement for moist stratification prior to germination (Mes 
1959; Loreti and Morini 2008). Conservatively, up to 3 months of chilling exposure 
is recommended to maximize germination and seedling vigor (Loreti and Morini 
2008). This stratification appears to be imposed by the seed coat, as seed coat re-
moval will allow for radical and shoot growth by imbibed seeds without the need 
for chilling exposure (Mes 1959; Martinez-Gomez and Dicenta 2001). However, 
seedling shoots that have not received sufficient stratification (with or without seed 
coat removal) elongate briefly but then express stunted growth of their terminal 
axis, whereas roots appear unaffected. This stunted growth manifests as curled, dis-
torted leaves, reduced internode elongation, which is described as either ‘dwarfing’ 
or ‘rosetting’ appearance (Loreti and Morini 2008). Interestingly, this ‘dwarfing/
rosetting’ is only evident on the main axis of the seedling. Laterals that grow out 
below the ‘rosette’ elongate normally and do not seem to show adverse effects from 
insufficient chilling. Eventually, one of the subtending laterals takes over as the 
dominant apex of the seedling and normal (but delayed) plants can be recovered 
from these insufficiently stratified seeds. Therefore, peach seed seem to have two 
distinct processes that are regulated by chilling exposure, one is a seed coat-me-
diated inhibition of germination and the other is endogenous to the embryo shoot 
meristem (Seeley et al. 1998). These two distinct phenotypes have some implica-
tions for interpreting literature associated with stratification requirement of peach 
seed, as will be noted below.
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The effect of chilling temperatures on imbibed seed germination and growth 
rates appears to be dosage dependent in nature as opposed to a threshold that must 
be crossed in order to initiate growth. As imbibed seeds are exposed to longer pe-
riods of chilling, time to radical protuberance decreases and rates of elongation of 
those radicals increase. The same effect is seen upon seedling shoot height growth 
(Martinez-Gomez and Dicenta 2001). This dosage-dependent chilling requirement 
on the speed of germination appears to be analogous to the effect of suboptimal to 
excessive chilling on buds, which results in a more rapid bud break response under 
growth-promoting conditions (Okie and Blackburn 2011a).

Significant variation between genotypes of peach for seed cold stratification 
times have been noted by breeders. Attempts to use stratification times as a marker 
for fulfillment of chilling requirement in mature trees led to the general observation 
that trees with low bud chill requirement produced seed with a reduced requirement 
for cold exposure prior to germination (Perez-Gonzalez 1997; Topp et al. 2008; Ma-
tias et al. 2011; Bruckner et al. 2012). Thus, there appears to be a linkage between 
the parental chilling requirement and temperature and duration of chilling exposure 
needed to promote germination in peach seeds (Perez-Gonzalez 1997; Bruckner 
et al. 2012). It should be noted that the material in these studies had a wide varia-
tion in germination rates, which may reflect the heterogenous nature of the genetic 
material (open pollinations). However, it may also be related to within-tree environ-
mental variation either from canopy environmental heterogeneity or positional en-
dogenous signals from the mother tree, as has shown to be the case for intra-canopy 
variation in bud chilling requirement (Okie and Blackburn 2011b).

What Evidence is There that Bud Chilling Requirement 
and Seed Stratification in Peach May Share a Molecular  
or Genetic Basis?

Suggestions that there are some mechanistic similarities between chilling require-
ment and seed stratification requirement in peach can be found in the limited num-
ber of studies that address seed dormancy. First, as mentioned above, the observed 
correspondence between germination rate (moist chilling requirement) of seed and 
the parental tree genotype suggests that the traits are genetically linked (Perez-Gon-
zalez 1990; Perez-Gonzalez 1997). The Blaker et al. (2013) study is the first to iden-
tify QTL for seed stratification requirement among peach QTLs and some of these 
QTL intervals overlap with those found in bud chilling requirement and bloom date 
studies (Blaker et al. 2013; Salazar et al. 2014). It is tempting to speculate that these 
shared QTL intervals are indicating the location of a common causal sequence be-
tween these two responses; at the very least, the potential for common causal genes 
has not been eliminated.

Two studies have examined parallel gene expression in stratifying seeds and 
chilling exposed buds and found a host of genes that have common expression 
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patterns which support the hypothesis of common gene regulatory events during 
chilling accumulation (Leida et al. 2012; Fu et al. 2014). Leida et al. (2012) ex-
amined the effect of different levels of stratification on expression of the ‘dwarf-
ing’ growth inhibition phenotype in peach seeds and correlated this symptom with 
the expression of several genes also identified as differentially expressed during 
the endodormant to ecodormant transition in flower buds. This study specifically 
focused on the embryo shoot response to chilling exposure by removing the seed 
coat prior to stratification experiments. As would be expected, a number of genes 
involved in ABA signaling or metabolism were strongly regulated during the strati-
fication period. Most intriguingly, however, was the dose-dependent repression of 
a subset of the DAM genes ( DAM1 and DAM6) during the stratification period. De-
creased DAM1 and DAM6 expression were correlated with reduced ‘dwarfing/ro-
setting’ symptoms and increased height growth following stratification treatments. 
This observation is very similar to that presented in Jiménez et al. (2010) where 
a strong correlation between loss of DAM5 and DAM6 expression and increased 
bud break rate was observed. The expression pattern of DAM5 observed by Leida 
et al. (2012) does not have the same correlation with shoot growth as that seen by 
Jiménez et al. (2010) for terminal bud break. Differential expression during embryo 
chilling may indicate an instance of differential functionalization of DAM5 from 
DAM6 as they appear to have arisen from a tandem duplication and were previously 
found to have very similar expression patterns in tissues of mature trees (Jiménez 
et al. 2009; Li et al. 2009; Jiménez et al. 2010).

Another study has demonstrated the similarity in expression of genes between 
endodormant buds and seeds during chilling accumulation (Fu et al. 2014). Fu et al. 
(2014) propose a role for stress responsive endoplasmic reticulum genes during the 
accumulation of chilling and release from dormancy. While the role of the featured 
genes in dormancy regulation remains to be determined, the examination of gene 
expression patterns in both buds and seeds highlighted a remarkable level of paral-
lel expression dynamics of the selected genes during the two physiological events. 
Studies from these two groups demonstrate that peach is a system that lends itself to 
molecular and genetic comparisons between dormant buds and seeds (Leida et al. 
2012; Fu et al. 2014).

Is There Evidence Against Mechanistic Similarities 
Between Bud Chilling Requirement and Seed Stratification 
Requirement?

The genetic study of Blaker et al. (2013) may also indicate that there is a distinct 
regulation of these two phenomena. Their mapping study identified multiple broad 
QTL in locations that do not overlap with QTL associated with regulating bud chill-
ing requirement (Dirlewanger et al. 2012; Blaker et al. 2013; Romeu et al. 2014; 
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Zhebentyayeva et al. 2014). It must also be noted that the simple co-localization of 
QTLs for chilling requirement and seed germination mentioned in the previous sec-
tion is by no means a guarantee that the same genes or gene networks are causally 
involved in the two processes. The QTLs in both the chilling requirement and seed 
germination studies are broad and encompass many potential candidate genes. It 
is possible that a refinement of the phenotyping for effect of chilling on different 
seed germination traits such as radical emergence versus shoot ‘dwarfing/rosetting’ 
may be informative in comparing the results of the germination study with QTLs 
observed in the bud chilling requirement literature.

Limitations of Peach as a Model for Comparative 
Investigations on the Molecular and Genetic Regulation  
of Chilling and Stratification Requirement

The first limitations are simply logistical. Time and expense of maintaining parent 
trees for generating experimental material is not insignificant and obtaining experi-
mental material from trees can be laborious. Seeds must be extracted from the fruit 
immediately upon harvest, cleaned and removed from the pits (Loreti and Morini 
2008). Careful choice of freestone germplasm can speed the removal from the fruit 
but ‘cracking’ the pits to remove the seeds must be done by hand. Secondly, dis-
covery of genetic regulators of chilling phenomena will be primarily restricted to 
forward genetics approaches, since a juvenile period of 2-4 years makes mutant 
screens an impractical prospect. Additionally, there is not currently a repeatable 
transformation protocol for peach that will allow reverse genetic experiments (Ab-
bott et al. 2008). Thirdly, the literature has a lack of standardized methods for seed 
dormancy experiments. Methods are not always explicit about the age and storage 
conditions of the seed used in published experiments. The moisture content and 
temperature of storage all have potential to modify subsequent experimental re-
sponses to stratification treatment (Holdsworth et al. 2008). Because seed is only 
produced once per year, storage conditions are highly relevant to experimental out-
comes (Frisby et al. 1988). Finally, peach seed germination literature requires care-
ful interpretation in order to formulate conclusions about the effect of stratification 
on seed germination and seedling growth. While some studies used radical emer-
gence to score germination success, others have used shoot emergence from the soil 
(Mes 1959; Frisby et al. 1988; Martinez-Gomez and Dicenta 2001). These binary 
measures of stratification satisfaction are less common in the peach literature than 
methods that use radical or seedling vigor (growth rates) as a marker for stratifica-
tion satisfaction (Martinez-Gomez and Dicenta 2001). As introduced above, there 
appear to be at least two different physiological processes that are impacted by 
moist stratification in peach seed, the radical emergence and the shoot dwarfing/
rosetting symptom of insufficient chilling.
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Summary

While working with trees is logistically challenging relative to annual model sys-
tems, peach is one of the more amenable woody perennial systems. The significant 
genetic, genomic and germplasm resources in peach make it a biological system 
with much promise for comparing the mechanisms of bud and seed chilling require-
ment in individuals with the exact same genetic background. This has the potential 
to trigger a new phase of comparative analysis for commonalities and differences 
between bud chilling requirement and seed moist chilling requirement for germi-
nation. The few studies to date provide some tantalizing evidence that there are 
mechanistic commonalities between these two phenomena such as the involvement 
of DAM genes.
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Introduction

Potato is the third largest agricultural commodity on a worldwide basis after wheat 
and rice. It is a vegetatively propagated crop that is stored as a modified stem, or 
tuber, initially in an endodormant state following harvest. Prolonged storage usually 
requires both controlled environmental conditions and the use of growth suppres-
sants to prevent sprouting because cessation of endodormancy will result in shoot 
growth and degradation of tuber quality. The desire to maintain endodormancy, 
and suppress sprouting in stored potato tubers, can create challenges for breeding 
programs that require rapid dormancy release in order to increase planting cycles. 
Thus, there have been a number of approaches to shortening or terminating the 
endodormant state in potato tubers. A survey of 224 chemicals for the ability to 
repress endodormancy and induce premature sprouting demonstrated that ethylene 
chlorhydrin, thiocyanates, bromoethane (BE), and ethylene dichloride were highly 
effective at inducing growth (Denny 1926). Multiple methods to terminate dor-
mancy in harvested potatoes has been previously reviewed (Bryan 1989).

It is important for programs that focus on potato breeding or seed tuber produc-
tion to be able to terminate dormancy and shorten production time. The compound 
Rindite has shown some success in the commercial sector but the toxicity to both 
plant tissue and users is of concern. Additionally, the mode of action of Rindite in 
terminating potato tuber dormancy is unclear. Other compounds such as BE and 
cytokinins have been used to break potato tubers dormancy but widespread appli-
cation of these compounds in the commercial sector has not been established due 
to toxicity or lack of an established procedure. The goal of this review is to dis-
cuss the possible modes of action for compounds that have shown some efficacy in 
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artificially terminating potato tuber dormancy in an attempt to suggest new avenues 
for breeders and growers to shorten breeding and production times.

Rindite and BE have been used to shorten dormancy in potato tubers but they are 
difficult to use due to their high toxicity. Phytohormones, such as cytokinin, induce 
cell division and growth in many plant tissues and in comparison with Rindite and 
BE they are less volatile and have a reduced toxicity. Application of kinetin and ze-
atin to potato tubers has been shown to result in the cessation of dormancy (Hemberg 
1970). More recent experiments have shown that the response of dormant potato 
tubers to cytokinins increased with tuber age (Turnbull and Hake 1985), indicating 
that cytokinin application was not reliable as a means for breaking dormancy in 
freshly harvested tubers. Other studies have shown that dormant tubers were highly 
responsive to synthetic cytokinins including N-(2-chloro-4-pyridyl)-N′-phenylurea 
(CP) and 1-(α-ethylbenzyl)-3-nitroguanidine (NG) (Suttle 2008).

The differences in structure and chemical behavior between Rindite, BE, and 
synthetic cytokinins suggests a diverse mode of action for these compounds in ter-
minating endodormancy in potato tubers. That diverse mode of action is supported 
in transcriptional studies of dormant potato tubers treated with these molecules 
(Fig. 16.1).

Rindite

Rindite, a mixture of 2-chloroethanol, 1, 2-dichloroethanol, and carbon tetrachlo-
ride (7:3:1), has been used to break endodormancy in potato tubers (Varga and Fe-
renczy 1956). Treatment of dormant tubers can occur immediately after harvest but 
to prevent increased tissue decay it was most effective following a 2-week posthar-
vest incubation to allow for skin set (Kim et al. 1999). There is lack of experimental 
data that elucidates the mechanism of action for Rindite. Rindite is a highly toxic 

Fig. 16.1   The components 
of Rindite a carbon tetrachlo-
ride, b 2-chloroethanol, and c 
1, 2-dichloroethanol
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compound that results in tissue stress but it is unclear whether dormancy release is 
a direct result of stress induction or a function of some other aspect of cellular and 
biochemical events triggered by Rindite. Thus, the mode of action for Rindite, as 
a promoter of dormancy cessation, is still unclear. 2-chloroethanol is metabolized 
in tobacco to chloroacetic acid via alcohol dehydrogenase and aldehyde dehydro-
genase (Shang et al. 2001). The chlorinated alcohols associated with Rindite are 
probably metabolized by a similar mechanism that occurs for trichloroethanol. Me-
tabolism of trichloroethanol results in glycosylation and then transport to the shoot 
(Mena-Benitez et al. 2008). How this metabolism relates to dormancy cessation is 
unclear but there is significant stress to tissues following Rindite treatments often 
including tissue damage.

Bromoethane (Fig. 16.2)

Application of BE vapor shortened endodormancy in potato tubers by over 40 % in 
multiple cultivars (Coleman 1983). The highly toxic nature of BE has resulted in 
limited use commercially as a method for dormancy termination. The use of BE did 
result in tuber damage particularly if it was applied prior to skin set. Application 
of BE to dormant mini-tubers results in a rapid increase in cellular respiration and 
an initial burst of ethylene followed by starch degradation and loss of tuber weight 
(Alexopoulos et al. 2009). Endodormant potatoes have elevated abscisic acid levels 
(ABA). Following exposure to BE, ABA levels increase but there is then a shift in 
tuber metabolism toward ABA catabolism (Destefano-Beltran et  al. 2006a). The 
reduction of ABA following BE treatments is not the sole mechanism for dormancy 
cessation, since it has been shown that endogenous ABA levels are not necessarily 
indicative of dormancy status (Suttle et al. 2012). Analysis of RNA changes follow-
ing BE treatments reveal transcript profiles that mimic those of nondormant tissues 
(Campbell et al. 2008). BE is a toxic compound that induces stress and results in 
ethylene release. However, studies that suppressed endogenous ethylene production 
during BE application demonstrate that BE does not result in dormancy cessation 
via ethylene signaling (Suttle 2009). The application of BE to nondormant tubers 
resulted in the loss of apical dominance due to initiation of programmed cell death 
and more rapid sprouting of lateral meristems (Teper-Bamnolker et al. 2012). There 
is some suggestion that BE termination of dormancy is specifically a function of a 
stress response (Alexopoulos et al. 2009), which is also a possible mechanism of 
action for the toxic mixture Rindite.

Fig. 16.2   Bromoethane (BE) 
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Transcriptional profiling of tubers treated with BE demonstrated a down-regu-
lation of many genes associated with ABA responses (Campbell et al. 2008). One 
day after exposure to BE transcripts encoding for proteins involved with pathogen 
response and stress were increased significantly. However, it is possible the initial 
stress of BE exposure, resulting in dormancy cessation, is a much more rapid re-
sponse and release from the dormant state may occur in less than 24 h.

It has been shown that BE does not function via the induction of the stress hor-
mone ethylene although there is induction of stress-related proteins (Suttle 2009). 
Microarray analysis of BE-treated potato tuber meristems and meristems allowed 
to undergo natural dormancy cessation revealed similar RNA expression patterns 
particularly after 8 days following BE exposure (Campbell et al. 2008). The RNA 
expression patters that were similar between BE and natural dormancy cessation 
resulted in transcript changes for proteins that are involved with phenylpropanoid 
biosynthesis, photosynthesis, and stress. (Table 16.1).

For example, induction of ribulose bisphoshate by BE indicates increased expres-
sion of the key enzyme for CO2 fixation. Phenylcoumarin benzylic ether reductase 
is involved with the phenylpropanoid pathway and vascular development (Vander 
Mijnsbrugge et al. 2000). Cyclophilins are a large family of poorly described pro-
teins in plants that putatively function as chaparones (Kumari et al. 2013). BE in-
duced the expression of 2-oxoglutarate-dependent dioxygenase, which is a very 
large protein family involved with a diversity of biological processes including phy-
tohormone biosynthesis, production of specific metabolites, methylation of DNA, 
and flavonoid production (Kawai et al. 2014). Induction of transcripts encoding for 
glutathione-S-transferase (GST) were among some of the earliest changes observed 
by BE treatment. GSTs are represented by a large family of proteins in plants ex-
hibiting a diverse range of function including oxidative stress (Dixon et al. 2009; 
Noctor et al. 2012). The implication of oxidative stress in dormancy regulation is 
supported by application of hydrogen cyanamide (HC) to release dormancy in grape 
buds (Ophir et al. 2009; Or et al. 2002). HC indirectly results in oxidative stress 
due to in suppression catalase activity, which initiates dormancy cessation in grape 
buds.

AQ1

Ribulose bisphosphate carboxylase small subunit
Putative protein
Cyclophilin
Cytochrome p450
Phenylcoumarin benzylic ether reductase
Nonspecific lipid transfer protein
2-Oxoglutarate dependent dioxygenase
Glucosyltransferase

Table 16.1   A subset of 
transcripts induced by 
BE and natural dormancy 
cessation. (Data from 
Campbell et al. 2008)



27316  Chemical Release of Endodormancy in Potato Involves Multiple Mechanisms

Cytokinins (Fig. 16.3)

Application of cytokinins to endodormant potato tubers can result in sprouting and 
cessation of the dormant state but responses can be highly variable and use in breed-
ing and seed tuber production is limited. The increased sensitivity of endodormant 
tubers to the synthetic cytokinins CP and NG was suggested to be due to a greater 
stability of these compounds in treated tissues, whereas zeatin and kinetin are rapid-
ly metabolized resulting in a decreased response (Suttle 2001). Transcriptome anal-
ysis using RNA-seq has revealed that the cytokinin analog NG induces termination 
of dormancy within 4 days of exposure (Campbell et al. 2014). This termination is 
marked by the induction of transcripts associated with the initiation of CYCD3 ho-
mologs, which are regulators of the G1/S phase of the cell cycle (Dewitte and Mur-
ray 2003). High levels of cytokinins have been shown to increase CYCD3 expres-
sion in Arabidopsis and overexpression of CYCD3 in transgenic plants maintained 
cell division in cultures without exogenously supplied cytokinin (Riou-Khamlichi 
et al. 1999). Thus, it appears that application of NG to dormant potato meristems 
terminates dormancy through a cytokinin response and induction of cell division 
through initiation of the cell cycle.

The RNA-seq of small RNAs from dormant and nondormant potato meristems 
resulted in three classes of miRNA comprising from 0.22 to 18.9 % of the total se-
quences isolated. The largest percentage of small RNAs was composed of miR166. 
miR166 has been shown to regulate the activity and development of the shoot api-
cal meristem (SAM) (Jung and Park 2007). There is an increase in the relative 
amount of miR166 in the total population of small RNAs sequenced from dormant 

Fig. 16.3   Structures of 
synthetic cytokinins that 
result in dormancy cessation 
in potato a N-(2-chloro-
4-pyridyl)-N′-phenylurea, 
b 1-(α-ethylbenzyl)-3-
nitroguanidine)
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meristems (Table 16.2). This does suggest that regulation of stem cell activity in the 
apical meristem by miR166 may be a measure of dormancy status in potato tubers.

Additional miRNAs were found to vary between dormant and nondormant meri-
stems including miR183 and miR159. The presence of small RNAs having identity 
to miR183, a gene associated with metazoan development (Wheeler et al. 2009), 
was not reported in the literature to be isolated from any plant species. Thus, it is 
not known whether the presence of the miR183 gene in potato represents a sequenc-
ing artifact or the first report of the miR183 gene in a plant species. The presence 

Table 16.2   microRNAs found in potato tuber meristems. The above are the most prevalent 
sequences in each RNA samples (values given in percent of total RNA isolated). e-values for each 
sequence are found in column one and indicate relative similarity to miRNAs described in the 
miRBase database (http://www.mirbase.org)
miRNA e-value Dorm Dorm Dorm Dorm Average 

percent of 
total RNA

Std error Gene targets

miR166f 0.001 9.24 11.93 18.63 21.59 17.38 2.48 WUSCHEL 
(WUS)-CLA-
VATA (CLV) 
pathway

miR166i 0.001 1.85 3.10 0.94 0.60 1.55 0.68 WUSCHEL 
(WUS)-CLA-
VATA (CLV) 
pathway

miR183 0.19 1.00 0.30 1.09 1.06 0.82 0.22 Unknown
miR159a 0.001 0.26 0.24 0.25 0.24 0.24 0.00 GAMYB-

like1, 
GAMYB-
like2(GA 
responsive 
element)

Non-
Dorm

Non-
Dorm

Non-
Dorm

Non-
Dorm

miR166f 0.001 3.45 2.72 11.35 7.73 7.27 2.17 WUSCHEL 
(WUS)-CLA-
VATA (CLV) 
pathway

miR166i 0.001 1.54 0.93 0.59 0.54 0.69 0.11 WUSCHEL 
(WUS)-CLA-
VATA (CLV) 
pathway

miR183 0.19 0.90 0.92 1.31 2.69 1.64 0.47 Unknown
miR159a 0.001 0.18 0.21 0.24 0.21 0.22 0.01 GAMYB-

like1, 
GAMYB-
like2(GA 
responsive 
element)

http://www.mirbase.org
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of miR159 from potato meristems is not surprising. The gene miR159 has shown 
to be associated with modulation of gibberellin-regulated floral meristem develop-
ment via repression of the GAMYB-like genes MYB33 and MYB65 (Achard et al. 
2004; Allen et al. 2007; Millar and Gubler 2005), embryonic development (Li et al. 
2013), seed development (Huang et al. 2013), growth and programmed cell death 
(Alonso-Peral et al. 2010). Presence of miR159 was relatively equivalent between 
dormant and nondormant meristems, suggesting that dormancy status did not alter 
miR159 activity.

Conclusions

Termination of endodormancy in potato tuber meristems using chemical treatments 
appears to involve at least two independent mechanisms. One method involves ex-
posure to stress via compounds such as BE or Rindite. The stress treatment for 
dormancy release may function through the induction of apoptotic events (Teper-
Bamnolker et al. 2012). The second method of dormancy release using chemicals 
involves exposure of potato meristems to synthetic cytokinins such as NG, which 
initiate cell division and transition through a G1/S-phase cell cycle block associated 
with the dormant state.

Examination of microRNAs following dormancy cessation demonstrates some 
shift in mRNA associated with meristem identity. The increase in the prevalence of 
miR166 should alter the expression of WUSCHEL/CLAVATA pathway, resulting 
in changes in meristem development (Zhu et al. 2011). The ability of NG to break 
endodormancy supports earlier work that cytokinins interact with the meristem 
identity pathway WUSCHEL/CLAVATA to control meristem growth (Gordon et al. 
2009; Kurakawa et al. 2007; Leibfried et al. 2005; Sablowski 2009). It remains to 
be seen whether NG functions to terminate dormancy through miR166 alteration of 
the WUSCHEL/CLAVATA pathway.

The application and use of Rindite and BE as terminators of potato tuber dorman-
cy is difficult due to the high toxicity of these compounds. The recent investigations 
showing the efficacy of cytokinin analogs as terminators of dormancy suggests not 
only an alternate mechanism of activation but perhaps a more environmentally and 
less toxic approach to manipulating potato tuber dormancy.
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Introduction

Hydrogen cyanamide (HC) has been used extensively in the kiwifruit industry as 
a bud break enhancing tool to moderate seasonal fluctuations in fruit production 
and maximize productivity. As a secondary effect, this substance reduces unwanted 
lateral flowers, which reduces thinning costs and increases the average size of the 
fruit produced (Erez 1995; Mc Pherson et al. 2001; Hernandez and Craig 2010). 
Exclusion of HC from Annex 1 of the Directive 91/414/EEC now prevents the use 
of this substance for bud break enhancement in Europe and has resulted in concerns 
by other kiwifruit growers around the world where future use may be restricted.

In the cultivar ‘Hayward’, HC application results in a 50–100 % increase in 
flower loadings and cropping levels, a major reduction of lateral flowers, and con-
densing and advancement of flowering. Hayward producers would be under sig-
nificant financial pressure if these results are not achieved. HC has also produced 
excellent results in the cultivar ‘Zesy002’ (Gold3), increasing flower loading up to 
100–150 %. The New Zealand industry is also currently cropping approximately 
150 ha of the cultivar ‘Zesy003’ (Gold9) variety. This variety has shown very high 
flower loadings, high levels of lateral flowers and very variable maturity develop-
ment. This research investigates the ability of HC and Armobreak™ to condense 
flowering and, possibly, maturity development.

Zespri International Limited has funded research for orchard management opera-
tions and discovery of bud break enhancers that could serve as substitutes for HC. 
These trials have achieved interesting results over the years, although these results 
do not reach the current level of production achieved by HC, especially in years 
with low winter chill.
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Materials and Methods

Trial Design

An orchard block of Actinidia chinensis Planch ‘Zesy003’ (Gold9) kiwifruit vines 
in the Auckland Region of New Zealand was allocated for this trial. The vines were 
mature ex-Hayward and 3 years from grafting, trained on opposing female pergola 
structures (bay dimensions of 5.0 × 5.5 m) and managed using standard commercial 
practice for kiwifruit to achieve 44 t/ha.

The bud break enhancing treatments were applied by painting individual canes 
to the point of complete wetness. Vines were selected for cane uniformity with 
either 1 or 2 groups of suitable canes per vine and both vines and canes were ran-
domly allocated to product and treatment timing. There were five treatment dates 
approximately 7 days apart starting 48 days before natural bud break (DBNB); nat-
ural bud break was on September 11th, 2013. The treatment products as specified 
below were applied to 20 individual plant/cane replicates per treatment time giving 
a total of 100 canes per product and 100 untreated canes (Controls). Two litres of 
diluted treatment product was required per 20 canes. The dilution of each product 
was prepared as follows:

•	 HC: 180 ml Hi Cane® and 6 ml Driftstop® with water up to 3 L of mixture. This 
is equivalent to an application rate of 6 % Hi Cane® and 0.2 % Driftstop®.

•	 AB: 60 ml Armobreak™ and 450 ml Break-N™ with water up to 3 L of mixture. 
This is equivalent to an application rate of 2 % Armobreak™ + 15 % Break-N™.

Monitoring and Data Analysis

Analysis of winter chill was determined using temperature records obtained from 
the Pukekohe Plant and Food Research station 6.5 km away from the experimental 
site.

Treated canes were assessed weekly during bud break and every 3 days during 
flowering. Buds were considered to have reached bud break when they formed a 
dome shape as defined by Brundell (1975). Each flower was considered to be open 
when the petals permitted easy access by bees.

Raw data were tested for normality, variance homogeneity, and outliers. When 
one of the assumptions of the ANOVA test was violated, the raw data were trans-
formed in the most suitable way to accomplish the requirements. Data were then 
analysed using the ANOVA one-way procedure of SPSS (SPSS Inc., Chicago, Mas-
sachusetts). Post hoc comparisons were made using Duncan’s test at 95 % level of 
significance.

This study analyses earliness by determining the average date of bud break and 
flowering of each repetition (cane), and the standard deviation (SD) of this average 
was used to assess the speed in the progression of this event. Approximately two 
SD units at each side of the mean date will comprise 95 % of the buds breaking or 
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flowers opening, so it is also a good estimate of the length of the flowering process; 
slower bud break and flowering progression is indicated by a higher SD of the mean 
date.

Bud break performance is determined by the percentage of winter buds (WB) 
that have shown bud break (%BB). The flower loading performance is determined 
by the average number of king flower inflorescences (KFl) per shoot (KFl/shoot), 
the percentage of shoots that carry at least one inflorescence (%floral shoots). This 
determines the production load or number of inflorescences per winter bud (KFl/
WB). Finally, the incidence of lateral flowers, which commonly is considered to 
be unfavourable in kiwifruit production, can be determined by the percentage of 
inflorescences with at least one side flower (%laterals).

Fruit maturity is analysed before harvest, following the Zespri Quality Man-
ual indications for maturity testing, equipment and calibration (Quality Manuals 
ZILNZ/HM/9 December 2013 and ZIL/NZ/UCCE/24 February 2014) and Harvest 
Clearance Standards (ZIL/NZ/HCSLS/9 December 2013). Zespri fruit maturity pro-
tocols specify de-greening time before standard cool storage according to the five 
percentile greenest fruit in the colour distribution. Protocols would have a longer 
de-greening time the greener the 5 % of the distribution tail is, and the de-greening 
time required at higher temperature compared to standard cool storage leads to less 
storage potential of the fruit. With these criteria the interest is not only to achieve 
a lower colour score, but also more homogeneous colour distribution with shorter 
tails on the greener side. For example, Protocol A fruit would need more de-green-
ing time than Protocol B fruit, and Protocol B fruit more de-greening than Protocol 
C and so on; Protocol N fruit does not need de-greening time.

Results

Winter Chill

The winter chill of 2013 in the Pukekohe area was 279 h below 7 °C with a mean 
winter temperature of 11.4 °C, which is relatively low compared to the area’s 19-
year mean of 388 h and mean winter temperature of 11.0 °C (Table 17.1). Thus, 
2013 was deemed to be a below average winter chill year.

Table 17.1  Winter chill summary: Average temperature (°C), cumulative hours below 7 °C for 
Pukekohe Research Station Meteorological Station

May June July August Winter
Hours below 7 °C 36 78 137 28 279
(°C) Mean temperature 2013 12.8 10.9 10.2 11.6 11.4
Hours below 7 °C 41 107 141 100 388
(°C) Average mean tempera-
ture 1994–2013

13.0 10.7 10.0 10.4 11.0
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Hydrogen Cyanamide Application Response and Timing

Gold9 is a very floral variety and, as shown in Table 17.2, the behaviour of HC on 
Gold9 differs compared to other varieties (Hernandez and Craig 2010; Hernandez 
et al. 2014). Based on KFl/WB, there is little difference between the control and the 
HC mean of all application dates; however, there are two HC application dates at 
48 and 27 DBNB that are significantly higher in KFl/WB (Table 17.3). There was 
no identifiable time of application trend in KFl/WB across the application dates. 
In contrast, there was a trend in KFl/shoot across application dates where the latter 
two application dates (27 and 22 DBNB) show significantly lower KFl/shoot than 
the first application date. These later two dates also show significantly higher %BB 
(Table 17.3).

BB duration, as measured by the SD in date (Table 17.3), is significantly reduced 
in the latter two applications compared to the first two dates and the control. In 
flowering duration a trend of more condensed flowering in the two latter applica-
tions was noticeable, although it was not statistically significant. Looking at the 
bud break and flowering progression (Fig. 17.1) of the monitored canes, these two 
latter applications can be noticed by the increased slope of the progression curves 
compared to all other treatment curves, which would indicate a faster progression 
of both events. There were no significant differences identified in lateral flower 
production or % floral shoots (Table 17.3).

Performance of Armobreak™

The untreated Gold9 variety produces adequate flower load. The commercially 
significant variables are duration of flowering (SD flowering date) and %lateral 
flowers. The larger the SD on flowering date the more spread the flowering, which 
may decrease bee and artificial pollination efficiency and potentially increase fruit 
maturity variability—factors that can affect rejection rate at harvest (Goodwin et al. 
2013).

As Table 17.3 indicates, treatment with AB produced similar flower loading lev-
els, as measured by KFl/WB, to the Control in the first three application dates, but 
was significantly better than the Control in the last two application dates. When 
comparing the product means across all application dates, HC, AB and the Control 
performed at a similar level. For both HC and AB, the last two application dates 
had significantly higher %BB. There is a trend of lower KFl/shoot production with 
HC in latter application dates, but treatment with AB did not show this same trend.

The incidence of lateral flowers was very low in this study, at levels that were 
commercially insignificant. Consequently, there were no changes in trends for lat-
eral flower loadings across any of the product treatments (Table 17.3).

The first four treatment dates with HC and AB advanced bud break and flower-
ing by a similar number of days for each of the treatment dates. The last application 
date had a mean flowering date similar to the Control (Table 17.3). The last two 
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application dates for AB had significantly shorter flowering than the Control and 
bud break and flowering curve progression had a steeper slope in these two treat-
ments when compared with all other application dates and control (Fig. 17.1).

Fruit Maturity Results

Table 17.4 shows the results of the maturity test performed on 24th of April, only 
for the canes treated 27 DBNB. HC induced a significantly lower colour score and 
less variability in fruit flesh colour (Fig. 17.2), resulting in a Protocol B maturity 
classification, which is defined as Zespri fruit needing less de-greening. However, 

Table 17.4   Maturity monitoring results of fruit sampled on April 24th, 2014 from ‘Zesy003’ 
(Gold9) canes treated with hydrogen cyanamide ( HC), Armobreak™ ( AB) treated 27 days before 
natural bud break, and control ( CO)
Treatment Fresh weight 

(g/fruit)
Dry matter (%) Equatorial SSC 

(Brix)
Firmness (kgf) Average hue

CO 109.9 a 18.5 a 8.0 a 5.63 b 105.9 b
HC 108.3 a 18.4 a 8.4 a 5.84 a 105.1 a
AB 106.4 a 18.3 a 8.2 a 5.75 ab 105.9 b
Sig N.S. N.S. N.S. 0.05 < p < 0.1 < 0.05

SSC: Soluble solid content of the fruit juice, measured with optical refractometer
N.S.: Nonstatistically significant

Fig. 17.1   Bud break (upper graphs) and flowering (lower graphs) progression of Gold9 treated 
canes at the indicated treatment dates ( Tr) by painting with hydrogen cyanamide ( HC, left) and 
with Armobreak™ ( AB, right) compared with the untreated control ( CO). Vertical bars show the 
least significant difference ( LSD) between any treatment*date at a significance p < 0.05
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Armobreak™ and the control remained Protocol A maturity classification, which 
is defined as Zespri fruit needing more de-greening time because of the longer tail 
in the higher Hue value distribution than Protocol B, before standard cool storage.

Discussion

Hydrogen Cyanamide Response and Application Timing

Averaging all application dates, flower loadings for the Gold9 variety were unaf-
fected by HC application, although this was expected due to its high natural level 
of flower production. Gold 9 did show a trend in reduction of flowering duration 
in the two latter application dates, which could potentially increase bee pollination 
efficacy and reduce the variability in fruit maturity at harvest (Goodwin et al. 2013).

Because Gold9 inherently produces flower loadings in excess of the variety’s 
production capability, there is no need for a flower load response from HC. Thus, 
the priorities are condensing flowering duration and possibly improving pollination, 
reducing maturity variability, and reducing lateral flower loadings to minimize thin-
ning costs and increase fruit production efficiency.

Fig. 17.2   Preharvest fruit flesh Hue angle distribution in Gold9 treated 27 days before natural bud 
break with hydrogen cyanamide ( HC), Armobreak™ ( AB) and control ( CO)
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In this study, the levels of lateral flowers observed were 2 % or less for most of 
the treatment dates (including controls), and 9 % for one application timing. This 
background level is very low for this variety (Gold9) compared with natural bud 
break in other commercial field observations, and this lack of variation has not al-
lowed any knowledge development for this variable.

HC late application seemed to condense flowering, even though delaying the HC 
treatment seems to reduce flower production.

Maturity results indicate that treatment of canes with HC induced less flesh co-
lour variability and resulted in a significantly lower colour score, while all other 
maturity variables were similar. These results suggest that HC treatment would al-
low for an earlier harvest and better storage, since the colour variability is reduced, 
and the de-greening time needed would be shorter.

Armobreak™ Performance

The Gold9 variety seems to be relatively winter chill insensitive and naturally pro-
duces flower loadings in excess of this variety’s inherent productivity capability in 
most years. The opportunity for these bud break enhancing products is to condense 
the flowering period in the Gold9 variety.

AB treatments produced shorter flowering duration than both HC and the Con-
trol, with this effect more pronounced in the last two application dates at 27 and 22 
DBNB. This effect should aid bee pollination and would potentially reduce maturity 
variability at harvest; however, maturity results indicate that the flesh colour vari-
ability did not decrease with AB in the 27 DBNB treatment date. This would force 
the fruit to undergo more time of de-greening at a higher temperature than the stan-
dard cool storage, waiting for the 5 % greenest fruit to reach an acceptable colour, 
and potentially reducing economic returns in the market.

Conclusions and Further Research

Flowering in the variety Gold9 can be condensed with the use of Hi-Cane® or 
Armobreak™ between 27 and 22 DBNB. The use of Hi-Cane® at 27 DBNB has 
helped to reduce the Colour Score and its variability at preharvest. Further research 
is required to understand the nature of the Hi-Cane® and Armobreak™ response at 
a physiological and genetic expression level on Gold9 and in late applications from 
20 to 30 DBNB. It would also be useful to repeat this trial in a colder winter to study 
the influence of winter chilling on Gold9 WB dormancy, natural bud break date, and 
effect of these products in these different conditions.

Acknowledgements  This work was co-funded by Zespri International Limited (Project PC1448).
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Introduction

Hydrogen cyanamide (HC) has been used extensively in the kiwifruit industry as 
a bud break enhancing tool and to moderate seasonal fluctuations in fruit produc-
tion. As a secondary effect, HC reduces unwanted lateral flowers, which reduces 
thinning costs and increases the average size of the fruit produced (Erez 1995; Mc 
Pherson et al. 2001; Hernandez and Craig 2010). The current restriction on the use 
of HC for dormancy interruption in Kiwifruit in the European Union, after being 
excluded from Annex 1 of the Directive 91/414/EEC, leads to a concern by growers 
that its future use will be restricted in New Zealand. Additionally, in the 2011/12 
season, the Gold3 variety has been found, in some instances, to react erratically to 
the use of HC.

The New Zealand kiwifruit industry has harvested approximately 400 ha of the 
variety Actinidia chinensis Planch. ‘Zesy002’ (Gold3) in 2013. Additionally, the 
Zespri Gold kiwifruit Actinidia chinensis Planch. ‘Hort16A’, which is more sensi-
tive to Pseudomonas syringae pv. actinidiae (Psa), is being substituted by Gold3, 
and this variety has become widespread in the New Zealand kiwifruit industry. 
There is, therefore, an obvious need to better understand the Gold3 variety’s be-
haviour under HC application, and an aim of this chapter is to find and understand 
alternative products to HC for use in breaking dormancy.

The cane-painting technique consists of applying the product mixture onto the 
canes with a painting brush until achieving complete wetness. This technique ad-
equately covers the objective of identifying the products that may induce positive 
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effects by ensuring that the winter buds are in full contact with the product. Because 
of the flexibility of the location and the reduced size of the experiment compared 
to any spraying technique, these trials were easily applied over a number of time 
points to understand the progression of the plant responsiveness to several applica-
tion dates. This technique may be equivalent to an air-blast spray application with a 
volume rate of around 1000 l/ha (Bill Snelgar, pers comm). However, the results of 
this cane-painting trial need to be verified in conditions more similar to the standard 
air-blast spray that are applied on commercial fields, in order to provide agronomic 
recommendations to the growers.

Material and Methods

Trial Design

Two orchard blocks of Gold3 kiwifruit vines were allocated for this trial. All vines 
were mature ex-Hayward ( Actinidia deliciosa var. deliciosa ‘Hayward’) and 2 years 
from grafting, trained on opposing female pergola structures (bay dimensions of 
5.0 m × 5.5 m) and managed using standard commercial practice for Gold3 kiwi-
fruit. The bud break enhancing treatments were applied by painting individual canes 
to the point of complete wetness. Vines were selected for cane uniformity with 
either 10 or 20 suitable canes per vine and both vines and canes were randomly 
allocated to product and timing treatments. All treatment products were applied to 
either one or two canes per treatment product on each vine. There were five treat-
ment dates approximately 7 days apart starting 45 days from natural bud break. In 
total there were nine treatment products (but only treatments with commercially 
available products are presented) and an untreated Control, consisting of 20 indi-
vidual plant/cane replicates per treatment timing to give a total of 200 canes per 
application timing and 1000 canes in total. Two litres of diluted treatment product 
was required per 20 canes.

The dilution of the commercial products was prepared as follows:

•	 HC: 180 ml Hi Cane® and 6 ml Driftstop® with the balance in water (3 L of mix-
ture). This is equivalent to an application of 6 % Hi Cane and 0.2 % Driftstop®.

•	 AB: 60 ml ArmobreakTM and 450 ml Break-NTM with the balance in water (3 L of 
mixture). This is equivalent to an application of 2 % ArmobreakTM + 15 % Break-
NTM.

•	 ER: 180 ml Erger® and 270 ml Active Erger® with the balance in water (3 l of 
mixture). This is equivalent to an application of 6 % Erger® + 9 % Active Erger®.

The treatments were applied 45, 39, 33, 25 and 17 days before (calculated) natural 
bud break (DBNB); 8 September 2012 was the date of natural bud break of the 
Control. On the 6th and 7th of August 2012, the male canes were painted with HC, 
33 DBNB of the female Control.
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Monitoring and Data Analysis

In order to monitor the influence of environmental factors, the hourly air tempera-
ture (in º C), relative humidity (%) and rainfall (mm) were recorded from an agro-
meteorological station located approximately 600 m from the experimental vines. 
The cumulative Richardson Chill Units (Richardson et al. 1974) and the cumulative 
hours below 7 º C were calculated.

These canes were assessed weekly during bud break and every 3 days during 
flowering. Buds were considered to have reached bud break when they formed a 
dome shape as defined by Brundell (1975). Each flower was considered to be open 
when the petals permitted easy access to bees.

Raw data were tested for normality, variance homogeneity and outliers. When one 
of the assumptions of the ANOVA test was violated, the raw data were transformed 
in the most suitable way to accomplish the requirements. Data were then analysed 
using the ANOVA one-way procedure of SPSS (SPSS Inc., Chicago, Massachusetts). 
Post hoc comparisons were made using Duncan’s test at 95 % level of significance.

Results

Winter Chill

The winter chill of 2012 was above the average of the last 18 years (Table 18.1). 
Natural bud break (defined as 10 % bud break) occurred on 8 September2012 for the 
Control in these relatively favourable conditions for bud break.

Hydrogen Cyanamide Application Timing

As shown in Table 18.2, treatment with HC resulted in good to an exceptional num-
ber of King Flowers (inflorescences) per winter bud (KFl/WB). These results indi-

Table 18.1  Winter chill summary: Average temperature (º C), cumulative hours below 7 º C and 
cumulative Richardson Chill Units (RCU) (Richardson et al. 1974) for Pukekohe research station 
meteorological station

May June July August Winter
RCU 2012 222 348 404 341 1315
Hours below 7 º C 82 134 167 62 445
(°C) Mean temperature 2012 11.9 10.3 10.0 11.0 10.8
Average RCU 1994–2012 139 297 396 363 1195
Hours below 7 º C 41 108 141 104 394
(º C) Average mean temperature 
1994–2012

13.0 10.7 10.0 10.3 11.0



G. Hernández et al.292

Ta
bl
e 
18
.2
  P

er
fo

rm
an

ce
 o

f h
yd

ro
ge

n 
cy

an
am

id
e:

 A
ve

ra
ge

 d
at

e 
of

 b
ud

 b
re

ak
 (B

B
), 

flo
w

er
in

g 
(F

l) 
an

d 
st

an
da

rd
 d

ev
ia

tio
n 

(S
D

) o
f t

he
se

 tw
o 

fo
r t

he
 fi

ve
 a

pp
lic

a-
tio

n 
tim

in
gs

 w
ith

 h
yd

ro
ge

n 
cy

an
am

id
e 

(H
C

) i
n 

th
e 

ki
w

ifr
ui

t v
ar

ie
ty

 ‘G
ol

d3
’. 

Pe
rc

en
ta

ge
 o

f b
ud

 b
re

ak
 a

nd
 n

um
be

r o
f i

nf
lo

re
sc

en
ce

s (
K

Fl
) e

m
er

ge
d 

pe
r w

in
te

r 
bu

d 
(W

B
) a

nd
 p

er
 sh

oo
t. 

Pe
rc

en
ta

ge
 o

f i
nf

lo
re

sc
en

ce
s w

ith
 la

te
ra

l f
lo

w
er

s
Tr

ea
t-

m
en

t
A

pp
lic

at
io

n 
da

te
M

ea
n 

B
B

SD
 (d

ay
s)

M
ea

n 
Fl

SD
 (d

ay
s)

B
B

 (%
)

K
Fl

/W
B

K
FI

/S
ho

ot
La

te
ra

l f
lo

w
er

s 
(%

)
D

ef
or

m
ed

 (%
)

C
O

–
19

-S
ep

cd
e

6.
3

2-
N

ov
cd

3.
3

57
c

1.
47

d
2.

59
e

19
b

2.
2

ab
c

H
C

25
/J

ul
2-

Se
p

a
2.

2
27

-O
ct

a
1.

3
72

b
3.

34
a

4.
65

a
42

a
0.

9
a

31
/J

ul
10

-S
ep

b
3.

9
29

-O
ct

b
1.

4
60

c
2.

51
b

4.
14

ab
35

ab
1.

7
a

6/
A

ug
11

-S
ep

b
3.

6
1-

N
ov

c
1.

4
75

ab
2.

51
b

3.
36

b
23

bc
2.

8
a

14
/A

ug
16

-S
ep

bc
2.

9
2-

N
ov

cd
2.

5
79

a
1.

95
c

2.
47

bc
20

c
3.

4
a

22
/A

ug
21

-S
ep

c
4.

2
4-

N
ov

d
2.

6
74

ab
1.

43
c

1.
97

c
18

c
2.

1
a

Si
g.

<  
0.

00
1

–
< 

0.
00

1
–

< 
0.

05
< 

0.
00

1
< 

0.
00

1
< 

0.
05

N
.S

.
M

ea
ns

 w
ith

in
 th

e 
sa

m
e 

co
lu

m
n 

w
ith

 th
e 

sa
m

e 
le

tte
r a

re
 n

ot
 si

gn
ifi

ca
nt

ly
 d

iff
er

en
t a

cc
or

di
ng

 to
 D

un
ca

n’
s t

es
t (

 p 
= 

0.
05

)



18  Assessment of Alternative Bud Break Enhancers for Commercial Kiwifruit … 293

cate good performance through the first four application dates, which ranged from 
3.34 KFl/WB at the 25th of July (45 DBNB) application to 1.95 KFl/Wb at the 14th 
of August (25 DBNB) application date. HC and the control have a significant cor-
relation between KFl/WB and the percentage of inflorescences with lateral flowers 
(SFl/KFl) and, as shown in Fig. 18.1, the percentage of inflorescences with lateral 
flowers increases with increasing KFl/WB. The SFl/KFl, in response to HC treat-
ment, ranged from 18.3 % at the latest application to 41.9 % at the first application 
date.

Product Performance Comparison

The results for timing of bud break and flowering, %bud break (%BB), KFl/WB 
and SFl/KFl are presented in detail in Table 18.3. All of the successful products 
show an optimum application timing window of 3 or 4 weeks. Due to the existence 
of this optimum application timing window, the best three application dates for 
each product, based on KFl/WB, have been selected, combined and summarized in 
Table 18.3a. Employing this procedure is recognizing that retaining the nonoptimal 
application dates in the presentation would bias the comparison between the prod-
ucts. Subsequent discussion, unless otherwise indicated, will be restricted to the 
results presented in Table 18.3a. All of the results for each treatment date are shown 
in Table 18.3b.

Fig. 18.1   Relationship between king flowers per winter bud (KFl/WB) and % lateral flowers (SFl/
KFl)
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From a commercial perspective, the most significant variables are firstly KFl/
WB as a measure of potential crop load, then % lateral flowers indicates a potential 
cost of thinning, and the standard deviation (SD) on flowering date would indicate 
the spread or spontaneity of flowering. The larger the SD on flowering date, the 
more spread the flowering is, which potentially could create pollination problems 
and flow-on effects of variable maturity at harvest.

Flower Loading and Bud Break

KFl/WB is a direct measure of crop load potential and is the most important mea-
sure of bud break enhancement performance. For KFl/WB, HC performed signifi-
cantly better for enhancing bud break than AB and ER with 0.4–0.5 more KFl/WB. 
This second group in turn performed significantly better than the Control (natural 
bud break) with 0.8–0.9 higher KFl/WB. While the trend in %BB performance was 
similar to that for KFl/WB, there were no significant differences observed between 
the three treatment products (HC, AB, ER).

Lateral and Deformed Flowers

Increasing levels of lateral flowers means increased variability in fruit size and in-
creasing cost of production in the form of fruit thinning costs. In this trial, we have 
observed a consistent correlation between the KFl/WB and the SFl/KFl, as shown 
in Fig. 18.1. Although all treatments have this correlation, HC and the control have 
an especially high correlation, whereas ER and AB have a lower level of correlation 
(however still highly significant, p < 0.01). This indicates significant increases in 
thinning costs correlated to the success in flowering performance.

Bud Break and Flowering Progression

The timing of mean bud break and flowering, as presented in Table 18.3a, may af-
fect the earliness of harvest maturity. Additionally, the more compact and spontane-
ous the flowering the more successful bee pollination performance tends to be. In 
this work, the SD, as presented in Table 18.3b, is a measure of the spread in date of 
bud break and flowering; the higher the SD, the greater the spread.

HC has generated significantly earlier bud break and flowering than all other 
treatments. Bud break in plants treated with AB and ER were 4–8 days later than 
HC, but only 2–4 days later in flowering. These second tier products were slightly 
ahead of the Control at bud break but there was no significant difference in flower-
ing date.
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All treatment products had a trend of earlier bud break and flowering with earlier 
dates of application of the product (see Table 18.3b). For HC, the difference in bud 
break timing between the first and last application date was 19 days; however, this 
difference is reduced to 8 days for flowering. The difference between the average 
date of bud break based on the first and last application dates was 8 days for canes 
treated with AB and 6 days for the canes treated with ER, and at flowering this dif-
ference held at 8 days for both products.

HC treatment produced the most compact bud break and flowering, as measured 
by the SD, ahead of treatment with AB and ER, which in turn produced more com-
pact bud break and flowering than the Controls (see Table  18.3b). Additionally, 
HC treatment produced a trend in the spread of flowering, where the earlier the 
application the more compact the flowering. This is opposite to the trend observed 
with AB and ER, where the spread in both bud break and flowering is reduced 
the later the application date. Detailed graphs of the progression of bud break and 
flowering over time for all product treatments and application timings are provided 
in Fig. 18.2.

Discussion

HC is the industry standard bud break enhancer and is employed with the ‘Hay-
ward’ variety to increase flower loadings, reduce spread of flowering and reduce 
the incidence of lateral flowers. In the ‘Hort16A’ variety its purpose is to increase 
flower loadings and to reduce maturity variability at harvest. The ‘Gold3’ variety, in 
its short life span, has demonstrated erratic bud break dynamics under natural bud 
break conditions and also, in some cases, when treated with HC.

Fig. 18.2   Progression of bud break ( upper graphs) and flowering ( lower graphs) of each prod-
uct—hydrogen cyanamide (HC), ArmobreakTM (AB), Erger® (ER)—compared to the control 
(CO) at the indicated treatment dates (Tr). Vertical bars indicate the standard error
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While recognizing that 2012 was a high winter chill year, it seems ‘Gold3’ had a 
relatively wide HC application timing window for optimal bud break performance 
ranging from July 25th (45 DBNB) until mid-August (25 DBNB). Because the 
highest KFl/WB for HC treatment occurred at the first application date, it is prob-
able that this investigation did not explore the earliest possible HC application tim-
ing to achieve successful bud break enhancement.

Treatment with AB and ER showed promising levels of performance with KFl/
WB at a mean 83 % of the performance level of HC (Table 18.2a), but with lower 
levels of lateral flowers. These products need further investigation with commercial 
application technology. With ‘Gold3’ being such a large fruited variety, a moderate 
flower loading of approximately 2.0 KFl/WB and 30 winter buds per square meter 
can achieve a yield of 15,000 Class 1 trays or 50 t per hectare. Hence, AB and ER 
may also have real commercial potential.

Alternative Bud Break Enhancers to HC Require Further Studies

AB and ER seem to promote bud break and flowering in a very different way than 
HC does. Genetic expression in kiwifruit vines treated with HC (Walton et al. 2009; 
Wu et al. 2012; Wood et al. 2013) identified expression of genes responding to a 
sublethal stress (H2O2-mediated signalling cascade), disruption of the mitochondrial 
electron transport chain (mETC) and down-regulation of the genes Ade_DRM1_1G 
and SVP-like (which are also inversely correlated with growth potential of the bud). 
However, to date, there is a lack of knowledge on the physiological impact of the 
alternatives to hydrogen cyanamide at a cellular level. Thus, further studies would 
be needed to identify nontoxic compounds that are able to trigger similar physi-
ological effects to hydrogen cyanamide against the existing growth inhibitors in the 
winter bud.

Our Current Knowledge About These Alternative Bud Break 
Enhancers

ArmobreakTM is a super-penetrating surfactant that increases the assimilation of the 
nitrogen and calcium contained in Break-NTM, the product designed to be used with 
ArmobreakTM to promote kiwifruit bud break (International Agro Additive Speciali-
ties, B.V.). The super-penetrant ArmobreakTM seems to enhance the mild bud break 
effect of nitrogen- and calcium-based fertilizer in other species (Erez et al. 2008). It 
has also been studied as a way to decrease the amount of HC needed in a mixed bud 
break enhancement treatment.

Erger® and Active Erger® are nitrogen-based fertilizers with a high content of 
calcium. According to various sources (Panceri and Santos 2007; Erez et al. 2008; 
Hawerroth et al. 2010; Pereira et al. 2010), nitrogen-based fertilizers with a calcium 
content stimulate bud development in several species of fruit trees, but only when a 
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certain percentage of the chilling requirement has been met. This would agree with 
the results obtained for the third and fourth treatment dates of AB and ER as shown 
in Table 18.3b, optimal dates for AB and ER, contrasting with the efficacy of the 
early treatments of HC. However, the result of the last treatment date differs in that 
both ER and AB treatments stimulated a more complete %BB but failed to increase 
the KFl/WB over that of the control. This last treatment date may be too late to 
stimulate the development of more floral buds, the fate of which may have already 
been determined. The decreasing trend of appearance of side flowers in the inflo-
rescences in the last two AB and ER treatment dates is also in accordance with the 
idea of these treatments not being able to stimulate the development of floral buds.

Polito and Grant (1984) observed that floral primordial remain undifferentiated 
during winter until shortly before bud break, when the primordia become trilobed 
as bracts and lateral flower primordia are initiated. According to Snowball (1996), 
flower evocation could occur immediately prior to flower initiation. In this study, 
all treatments obtained significantly more KFl/WB than the control. These results 
may involve a very narrow window of flower evocation just before bud break, and 
the decrease in efficacy of these treatments at the last treatment date may be caused 
by the fate determination of the primordia.

This study was conducted with a paint brush application technique, which gives 
very good coverage of all winter buds with minimal run-off. The adjacent com-
mercial ‘Gold3’ blocks, that had received the same orchard management over the 
preceding 2 years, were sprayed on 9 August with industry standard air-blast spray-
er technology. Observational studies showed some inconsistency in performance 
of these vines within the experimental area, particularly in %BB. It is important 
that further work be conducted to observe the transferability of these results into 
industry standard orchard spray systems. Also, this inconsistency suggests tech-
niques that achieve better air-blast spray coverage, such as higher water rates, may 
be beneficial.

Conclusions

•	 Hydrogen cyanamide has a broad application window of at least 3 weeks, rang-
ing from 45 or more days down to 25 days prior to natural bud break, on the 
‘Gold3’ variety.

•	 AB and ER have potential as effective commercial bud break enhancers on the 
‘Gold3’ variety.

•	 Further work will be required to demonstrate that the outcomes of this study are 
transferable into commercial air-blast spray technology systems and has poten-
tial in years with lower winter chill.
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Introduction

In temperate regions, buds of woody plants enter a dormancy phase in winter, 
whereby metabolic and respiratory activities are reduced and growth is suspended. 
This physiological reaction enables plants to tolerate prolonged periods of adverse 
conditions such as freezing temperatures in their native habitats (Vegis 1964). Dor-
mancy is naturally released after an adequate period of exposure to cold tempera-
tures. In warm-winter areas, where plants undergo chilling deficiency, reduced and 
uneven bud breaking is the major cause of low productivity in orchards (Arora et al. 
2003). In these regions, the application of chemicals such as hydrogen cyanamide, 
the most successful dormancy-breaking agent for deciduous fruit crops, has been a 
widespread practice to trigger bud growth resumption. Since hydrogen cyanamide 
has been proven toxic for humans, it was taken or is about to be taken off many mar-
kets, leaving very few options for the growers. Moreover, hydrogen cyanamide can 
be phytotoxic under specific environmental conditions, posing serious risk to crops 
like stone-fruit species (Walton et al. 2009). Therefore, finding safe and effective 
bud breaking products is critical for maintaining economic production.

BLUPRINS® is an innovative dormancy-breaking agent by Biolchim SpA con-
taining amino acids and polysaccharides, which, in combination with its activator 
BLUACT, delivers inorganic and organic nitrogen, organic carbon, and calcium. 
This study tests the efficacy of BLUPRINS® as an alternative to hydrogen cyana-
mide on kiwifruit, cherry, and table grape.
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Materials and Methods

Trial on Kiwifruit

A trial was performed on an Actinidia chinensis var. Gold3 orchard located in Puke-
kohe, New Zealand, in 2013. Vines with uniform canes were selected, and one cane 
per vine was assigned to the hydrogen cyanamide (Hi Cane®, Nufarm, New Zea-
land) treatment, to the BLUPRINS® (Biolchim, Italy) treatment, or to the untreated 
control (mock treatment with water only). Each product was applied on 20 differ-
ent canes on each time point, for a total of 100 canes per treatment. Bud breaking 
agents were applied by cane painting to the point of complete wetness to ensure a 
homogeneous distribution of the product along the cane and an optimal covering 
of the buds’ surfaces. BLUPRINS® was applied at a rate of 7 % in mixture with its 
nutritional activator BLUACT at 20 %. BLUACT is a fertilizer containing 15 % N 
and 7 % CaO designed to support bud growth after resumption from dormancy.

In order to evaluate the efficacy of the products at different time points, treat-
ments were performed 57, 51, 45, 36, and 31 days before expected natural bud 
break (DBNB), with 20 replicates per treatments per time point. Time points were 
chosen in late winter, after plant exposure to winter chill but before any bud growth 
or development could occur, and within the typical application time window of 
hydrogen cyanamide. Natural bud break was determined when 10 % of buds were 
broken on untreated canes. In order to calculate the average bud break and flower-
ing dates (Table 19.1), buds were considered to have reached bud break when they 
formed a dome shape as described in Brundell (1975), while flowers were con-
sidered open when the petals allowed the entrance of a bee. Vines and canes were 
randomly allocated to the products and application time points. The average number 
of king inflorescences per winter bud (KF/WB) was calculated as an indicator of the 
potential crop load. The percentage of lateral flowers (% LAT FL) as an indicator of 
the variability in fruit size and need for thinning.

Environmental factors (air temperature, humidity, and rainfall) were monitored 
throughout the trial period. Winter (May–August) average temperature in Pukekohe 
was 11.4 °C in 2013, with 300 cumulative hours below 7 °C.

Differences between treatments were evaluated for each factor by one-way 
ANOVA followed by Duncan’s test (Table 19.1). Data were transformed whenever 
needed to fulfil the prerequisites for ANOVA. Analyses were performed with the 
software SPSS (SPSS Inc., Chicago, USA).

Trials on Cherry

Plants of Prunus avium (L.) variety Ferrovia grafted onto P. mahaleb located in 
Trani (Apulia, Italy) were treated with BLUPRINS® 45 or 30 before expected 
natural bud break for two consecutive seasons (2011 and 2012). In season 2011, 
BLUPRINS® was tested at 6, 8 and 10 % on each treatment time point, whereas 
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in 2012 concentrations were reduced to 4 and 6 %. An evaluation of the 2011 re-
sults suggested that treatments with concentrations of 8 and 10 % would make the 
product application economically disadvantageous. For each treatment, two plants 
with seven uniform branches carrying each 80–90 buds were selected. Trees were 
7 years of age in 2011 and rows of cherry trees were alternated by rows of olive 
trees with a planting distance of 8 × 8 m. BLUPRINS® was always mixed with its 
activator BLUACT at a concentration of 16 % and applied with a knapsack sprayer. 
Previous trials showed that spraying ensured a uniform and complete distribution 
of the product on cherry trees, allowing also for a faster application in comparison 
with the painting technique. Winter temperatures were particularly mild in 2011; the 
cumulative hours below 7 °C at the moment of the treatment were enough to satisfy 
the plants’ chilling requirements in both years (Table 19.2).

Trial on Table Grape

Three treatments with bud break enhancers were performed on grapevines ( Vitis 
vinifera) var. Victoria located in Sicily, Italy. Groups of five homogeneous plants 
were selected and each was treated either with a mixture containing BLUPRINS® at 
4 % and BLUACT at 20 %, or with hydrogen cyanamide at 4 %, or with water only 
(control plants). Treatments were carried out 60 days before the expected natural 
bud break on a first set of plants and 45 days before the expected natural bud break 
on a second set of plants (on Dec 24 or Jan 8, respectively). Treatments were per-
formed with a knapsack sprayer.

Results

Trial on Kiwifruit (Table 19.1)

Bud Break and Flowering Development  Both BLUPRINS®- and HC-treated kiwi-
fruit plants flowered on average significantly earlier than the untreated control 
(UTC) plants. Only BLUPRINS® applicationat 57 DBNB did not trigger a signifi-
cantly earlier flowering compared to UTC. BLUPRINS®’s maximum effect on bud 
break enhancement was reached with the treatment at 51 DBNB, which caused bud 
break 15 days before the UTC. HC’s maximum effect was reached instead with 

Table 19.2   Hours below 7 °C accumulated at the moment of the treatments at the location where 
the trials on P. avium were performed (Trani, Italy). DBNB: days before natural bud break

Winter 2011 Winter 2012
45 DBNB 562 976
30 DBNB 586 1031
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the application at 57 DBNB, which prompted flowering 24 days before the UTC. 
BLUPRINS® and HC had a similar effect on bud break when applied at 51 and 45 
DBNB, respectively. The lowest standard deviations (SD) both for bud break and 
for bloom date were achieved with late applications of the products (36–31 DBNB).

Potential Crop Load  Both BLUPRINS® and HC enhanced flower loading (KF/
WB) over UTC, giving the highest values in late applications (45 DBNB onwards 
for HC, 36 DBND for BLUPRINS®). BLUPRINS® application at 51 DBNB pro-
duced 2.24 KF/WB, which is comparable to the result obtained with HC (2.38 KF/
WB).

Lateral Flowers  BLUPRINS®-treated canes showed a significantly lower average 
number of lateral flowers than HC-treated canes (19 vs. 28 %). For both products, 
the highest percentage of lateral flowers occurred for the application time point 
in which the earliest average bud break occurred (57 DBNB for HC and 51 for 
BLUPRINS®).

Trials on Cherry

In both years, BLUPRINS® stimulated an earlier bud break in comparison with 
untreated plants (Figs. 19.1 and 19.2). In 2011, the product was most effective at 
the latest application and highest dose (10 % 30 DBNB, Fig. 19.1a), while early 
treatments (45 DBNB) were most effective in 2012 (Fig. 19.1b). Treatments at 6 % 
caused bud break anticipation of only one day in 2011 (30 DBND), while treat-
ments at 8 % anticipated flowering of two (45 DBNB) or three (30 DBNB) days. 
Full bloom was reached at the same date for all treatments and control in 2011 
(Fig. 19.1a). In 2012, BLUPRINS® application at doses as low as 4 % caused flow-
ering anticipation of 3 days (45 DBNB). Later applications were not effective in 
2012.

Trial on Table Grape

All treatments advanced bud break compared to the untreated control (Fig. 19.3). 
BLUPRINS®-treated buds showed a more uniform development as compared to hy-
drogen cyanamide-treated buds. In fact, in the hydrogen cyanamide treatment bud 
development showed a marked asynchrony: on the assessment day, more than 20 % 
of the buds had visible inflorescences while 13 % were still dormant (Fig. 19.3). Of 
the BLUPRINS® treatments, the one conducted 60 days before the expected natural 
bud break (BLUPRINS 60) exhibited a higher uniformity in bud development than 
the BLUPRINS® treatment at 45 days before natural bud break. Moreover, all buds 
resumed growth in BLUPRINS®-treated plants, leaving no “blind” buds (buds that 
do not burst), while both the untreated control plants and the hydrogen cyanamide-
treated plants had more than 10 % dormant buds on the assessment date.
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Fig. 19.1   Progression of flowering of P. avium var. Ferrovia following the application of 6, 8, or 
10 % BLUPRINS® at 30 or 45 days before natural break (30 DBNB, 45 DBNB) during spring 2011 
(a) and 2012 (b), respectively. Points in each treatment represent the mean percentage of open 
flowers on 14 canes. On each cane, 90 flower buds were counted on average

 

Fig. 19.2   Branches of P. avium var. Ferrovia treated with BLUPRINS® at 10 % 30 days before 
natural break (DBNB) (a and c) compared to untreated control branches (b and d). a and b March 
30, 2011; c and d April 2, 2011
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Discussion

The possible loss of hydrogen cyanamide as a bud break enhancer is a threat to 
achieving stable high-quality produce in many crops. Moreover, the expected rise of 
global temperatures up to 4.8 °C by the end of the century (IPCC 2013) will spread 
the problem of bud break induction to an increasing number of crops and world 
areas. The need to find novel bud breaking agents is therefore very high.

On kiwifruit var. Gold3, BLUPRINS®, an amino acid- and polysaccharide-based 
product for bud break enhancement, effectively advanced bud break and bloom date 
over the control. When applied close to the date of natural bud break, BLUPRINS 
helped maintaining a limited spread of flowering (SD of flowering date), which 
is important to achieve successful insect pollination. BLUPRINS® also increased 
the number of king flowers per winter bud (KF/WB), thus enhancing the potential 
crop load. The effect of BLUPRINS® on the potential crop load was not as large 
as HCs. A difference in effectiveness is common when comparing products based 
on natural ingredients (like BLUPRINS®), with synthetic chemicals (such as HC). 
The increase of lateral flowers was similar for BLUPRINS® and HC, indicating that 
thinning costs would be similar for BLUPRINS®.

On sweet cherry, BLUPRINS® application caused an anticipation of bud break at 
all dosages and timings tested, apart from the lowest dose on the latest application in 
2012. Moreover, flowering was more concentrated in time on BLUPRINS®-treated 
plants. Synchronous flowering may facilitate uniform pollination and consequently 
fruit set, thus reducing the number of fruit pickings at harvest. It is possible that the 
difference in performance between the two application dates in 2011 is due to the 
higher temperatures that occurred during the second treatment (average daytime 
temperature 7.5 °C vs. 4.4 °C during the first treatment).

Fig. 19.3   Distribution of untreated control ( UTC), hydrogen cyanamide (standard), and 
BLUPRINS®-treated V. vinifera buds into their phenological stages on February 18. BLUPRINSW 
was applied either 60 (BLUPRINS 60) or 45 (BLUPRINS 45) days before the expected natural 
bud break
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Similarly, BLUPRINS® anticipated bud break on table grape over control plants, 
although less efficiently than HC. On the contrary, BLUPRINS® improved unifor-
mity of bud development better than HC, which promoted an irregular bud develop-
ment. Furthermore, BLUPRINS® reduced the number of “blind” buds compared to 
HC treatment, thus increasing the potential yield.

BLUPRINS® showed an efficacy as a bud breaking agent on kiwifruit var. 
Gold3, sweet cherry, and table grape and could, therefore, be considered an alterna-
tive to hydrogen cyanamide on these crops. In addition, preliminary results indicate 
that BLUPRINS® could be successfully employed also on pear, apple, apricot, and 
peach. Due to its mode of action, on physiological processes, BLUPRINS® does not 
induce phytotoxicity even on the sensitive stone fruit crops.
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