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Physiology of Cotton

FOREWORD

As a result of the success of the first Cotton Physiology book, edited by Jack R. Mauney and James McD. Stewart and
published by the Cotton Foundation in 1985, discussion began for a continuation or an update of that book. During ensu-
ing discussions we decided that rather than update Cotton Physiology, the new book would attempt to cover deficiencies
and areas in which cotton research results were lacking in the first book, or in which research advances were being made at
an accelerated rate since the publication of Cotton Physiology, e.g., plant response to the environment, crop modeling and
biotechnology, among others. The current book Physiology of Cotton covers the literature and developments between 1985
and 1999. In many cases the chapters provide the definitive word, but in other areas, such as biotechnology, research has
continued at a rapid pace. Unlike this book, whose conception originated with the first two editors, subsequent books are
being planned as a series of smaller volumes under the auspices of the Cotton Agronomy and Physiology Conference. The
planned books will each cover a more limited number of select topics of cotton physiology and will compile results and
references that have ensued since 2000.

PREFACE

Cotton production today is not to be undertaken frivolously if one expects to profit by its production. If cotton production
is to be sustainable and produced profitably, it is essential to be knowledgeable about the growth and development of the
cotton plant and in the adaptation of cultivars to the region as well as the technology available. In addition, those individuals
involved in growing cotton should be familiar with the use of management aids to know the most profitable time to irrigate,
apply plant growth regulators, herbicides, foliar fertilizers, insecticides, defoliants, etc. The chapters in this book were as-
sembled to provide those dealing with the production of cotton with the basic knowledge of the physiology of the plant
required to manage the cotton crop in a profitable manner.

Research and promotion of cotton has been very successful in recent years, so that now the cotton textile industry ranks
ahead of synthetic fibers (although these remain a looming threat to the industry). The main threat to the US producer cur-
rently is from foreign production of cotton, especially since foreign produced textiles have such a large share of the US
market. Improved understanding of cotton fiber is essential if the quality parameters are to be improved in traditional and
biotechnological genetic improvement

The new technologies of BT and herbicide tolerance and the boll weevil eradication program in the US allowed the
resurgence of profitable cotton production in the Southeast where production had fallen to essentially to nil. Now the state
of Georgia ranks second behind Texas in the number of acres planted to cotton and acreage is on the rise in Virginia and
Florida. The BT and herbicide tolerance technologies have been adopted very rapidly by producers where they have been
introduced. This includes China and India, countries which now rank #1 and #2 in bales of cotton produced. With the rapid
adoption of biotech cotton came new problems (e.g., herbicide tolerance by weeds) that require a basic understanding of
cotton physiology. The intent of this book is to provide this understanding for individuals dealing with all aspects of cotton
production.

The Editors
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Chapter 1

THE ORIGIN AND EVOLUTION OF GOSSYPIUM

Jonathan F. Wendel', Curt L. Brubaker?, and Tosak Seelanan®
!Department of Botany, lowa State University, Ames, IA 50011; *Present address: Centre for Plant Biodiversity Research, CSIRO

Plant Industry, GPO 1600, Canberra ACT 2601, Australia

I INTRODUCTION

The genus Gossypium has a long history of taxonomic
and evolutionary study. Much of this attention has been stim-
ulated by the fact that the genus includes four domesticated
species, the New World allopolyploids G. hirsutum and G.
barbadense (2n = 52), and the Old World diploids G. arbo-
reum and G. herbaceum (2n = 26). These cultivated species
embody considerable genetic diversity, but this diversity is
dwarfed by that included in the genus as a whole, whose 50
species have an aggregate geographic range that encompass-
es most tropical and subtropical regions of the world.

A remarkable morphological diversification accompa-
nied the global radiation of Gossypium in response to the
demands of particular ecological settings and selective envi-
ronments. Plant habit, for example, ranges from fire-adapt-
ed, herbaceous perennials in northwest Australia to small
trees in southwest Mexico that “escape” the dry season by
dropping their leaves. Corolla colors embrace a rainbow
of mauves and pinks (“Sturt’s Desert Rose”, G. sturtia-
num, is the official floral emblem of the Northern Territory,
Australia), whites and pale yellows (Mexico, Africa-
Arabia) and even a deep sulphur-yellow (G. tomentosum
from Hawaii). Seed coverings range from nearly glabrous
(e.g., G. klotzschianum and G. davidsonii), to short, stiff,
dense brown hairs that aid in wind-dispersal (G. australe, G.
nelsonii), to long, fine white fibers that characterize highly
improved forms of the four cultivated species. There are
even seeds that produce fat bodies to facilitate ant-dispersal
(section Grandicalyx cottons from NW Australia). Much of
this morphological diversity is lucidly detailed in Fryxell

J.McD. Stewart et al. (eds.), Physiology of Cotton,

(1979), and need not be belabored here. Perhaps it is worth-
while, though, to express the truism that the morphological
and ecological breadth must have parallels in physiological
and chemical diversity. The wild species of cotton, conse-
quently, represent an ample genetic repository for exploita-
tion. Although these wild species remain a largely untapped
genetic resource, examples abound of their productive
inclusion in breeding programs (e.g., Meyer, 1974, 1975;
Fryxell, 1976; Narayanan et al., 1984; Niles and Feaster,
1984; Meredith, 1991). Further utilization of the many wild
relatives of the cultivated cottons requires first that we un-
derstand their biology and relationships. This understand-
ing grows from a combination of basic plant exploration,
detailed taxonomic investigations, and phylogenetic studies
designed to incorporate what is known about the biology of
species into an evolutionary perspective.

Against this backdrop, it seems entirely appropriate
to start a book on agronomic Gossypium with a review
of what is known about wild and agronomically primi-
tive Gossypium. This is the intent of the present chapter.
Specifically, we first discuss the evolutionary origin of the
cotton genus, and then focus on the taxonomy and diversifi-
cation of Gossypium itself. This is followed by a synopsis of
the biogeography of the genus and what is known about the
origin of its many species. Particular attention is focused on
the evolution of the New World allopolyploids, including
the lineage to which G. hirsutum and G. barbadense be-
long. Finally, we discuss the development of the cultivated
cottons, from their original domestication by aboriginal
cultivators through the various stages of their progressive
agronomic refinement.

DOI 10.1007/978-90-481-3195-2 1, © Springer Science+Business Media B.V. 2010



2. EMERGENCE AND DIVERSIFI-
CATION OF THE COTTON TRIBE

Our taxonomic understanding of the cotton tribe devel-
oped from more than a century of study involving traditional
taxonomic methods as well as modern tools such as compar-
ative analysis of DNA sequences. This accumulating syn-
thesis has led to a reasonably coherent taxonomic concept
of a group of genera that are aligned into a single tribe, the
Gossypieae. This relatively small tribe, which includes only
eight genera, has traditionally been distinguished from other
Malvaceae (Fryxell, 1968, 1979) on the basis of morpho-
logical features of the embryo, wood and seed coat anatomy,
and by the presence of the punctae or lysigenous cavities
(“gossypol glands”) that are widely distributed throughout
the plant body. More recently, the naturalness of the tribe
has been investigated using tools from molecular biology,
including comparative analyses of variation in chloroplast
DNA restriction sites (LaDuke and Doebley, 1995) and in
DNA sequence (Seelanan et al., 1997). This latter study em-
ployed DNA sequences from both the chloroplast genome
(cpDNA) and the nuclear genome to develop a phylogenetic
framework for relationships among seven of the eight gen-
era in the tribe, lacking information only for the rare genus
Cephalohibiscus, which is represented by a single species
from New Guinea and the Solomon Islands.

-
o

million years

-
a

20

Figure I-1. Phylogenetic relationships in the cotton tribe (Gos-
sypieae), as inferred from molecular sequence data (Seelanan et
al., 1997). The sizes of the branches are
scaled approximately to the number of species within genera,
and numbers following generic names indicate somatic
chromosome counts (not available for Lebronnecia kokioides).
Ambiguities regarding branch orders are shown as
trichotomies. The best available evidence suggests
that the tribe is approximately 20 million years old, and
that Gossypium emerged roughly 12.5 million years ago.

Wendel et al.

A simplified version of the molecular phylogeny from
Seelanan et al. (1997) is presented in Figure 1-1, which in
addition to displaying the evolutionary branching pattern
among genera, provides a biogeographic, chromosomal,
and temporal context. As shown, one of the two branches
resulting from the earliest divergence in the tribe led to
the evolution of Cienfuegosia, a genus of 26 species from
the neotropics and parts of Africa and the Arabian penin-
sula. This phylogenetically basal position, based on DNA
sequence data, is consistent with the relative morphologi-
cal distinctiveness of the genus as well as its chromosome
numbers (2n = 20, 22), which are not found elsewhere in
the tribe. The phylogeny also shows a close relationship
among Hampea, with 21 neotropical species, Lebronnecia,
which consists of only a single rare species from the
Marquesas Islands, and one portion of the genus Thespesia
(the taxonomic section Lampas). The remainder of the 17
species of the pantropically distributed genus Thespesia are
placed elsewhere in the molecular phylogeny (Fig. 1-1, as
Thespesia sect. Thespesia). One of the more remarkable
revelations is that the East African - Madagascan genus
Gossypioides (with only two species) is the closest living
relative of the Hawaiian endemic genus Kokia (with three
extant and one extinct species). These two genera uniquely
share a somatic chromosome number of 24, which, given
the context of the phylogenetic relationships and chromo-
some numbers shown in Figure 1-1, may have been derived
from a single ancestral aneuploid reduction from an ancestor
with 26 chromosomes. In this respect Hutchinson’s (1943)
observation of an unusually long pair of chromosomes in
Gossypioides brevilanatum (as Gossypium brevilanatum)
is tantalizing, in that it suggests chromosome fusion as the
underlying mechanism. Hutchinson also noted that suc-
cessful grafts could be made between Kokia rockii [= Kokia
drynarioides] and Gossypioides kirkii, providing additional
support for the close relationships between the two genera.
Finally, the molecular phylogenetic data indicate that the
genus Gossypium is reasonably isolated from all other gen-
era in the tribe, but that its closest living relatives lie in the
Gossypioides/Kokia lineage.

The oldest Malvacean pollen is from the Eocene (38 - 45
million years before present - mybp) in South America and
Australia and from the Oligocene (25 - 38 mybp) in Africa
(Muller, 1981, 1984; Macphail and Truswell, 1989). This
information suggests that the Malvaceae originated during
the first third of the Tertiary and that by approximately 30
mybp it had achieved a world-wide distribution. Beyond
this limited information, no clues regarding the origin of the
Gossypieae or of Gossypium are available from the fossil re-
cord. Divergence in DNA sequence among species provides
an alternative approach to estimate divergence times, given a
“molecular clock” and an appropriate clock calibration. The
time scale in Figure 1-1, for example, is based on sequence
divergence percentages among taxa for the approximately
2100 base-pair cpDNA gene ndhF (Seelanan et al., 1997),
and a clock calibration based on an average divergence rate
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for single copy cpDNA genes of 5x107'° nucleotide substi-
tutions per site per year (Palmer, 1991). There are several
potential sources of error in these calculations (Hillis et al.,
1996), so we regard the values in Figure 1-1 only as useful
“ballpark™ estimates, which nonetheless contribute to our
understanding of the history of the tribe.

Within the tribe, the mean ndhF sequence divergence
between the two basal lineages (Cienfuegosia and other
genera) translates into an initial divergence of 19 mybp.
This estimate, to the extent that the molecular clock has op-
erated and that we have calibrated it correctly, functions as
a lower bound on the age of the tribe. In a similar fashion,
other divergence estimates are summarized in Figure 1-1.
The Lebronnecia/Hampea/Thespesia sect. Lampas lineage,
for example, separated from the rest of the tribe approxi-
mately 15 mybp, with divergence into its three sub-lineages
occurring approximately half as long ago. Gossypium is in-
ferred to have branched off from its closest relatives (Kokia
and Gossypioides) approximately 12.5 mybp, with the latter
two genera becoming separated relatively recently, circa 3
mybp. This recent a separation between genera now geo-
graphically isolated from one another by many thousands
of kilometers of open ocean (Kokia from Hawaii and
Gossypioides from Madagascar and East Africa) implies
that trans-oceanic dispersal was involved in the evolution
of one or both genera. In this respect the Gossypioides -
Kokia floristic relationship represents the latest in a series of
examples of long-distance, salt-water dispersal in the tribe
(Stephens, 1958, 1966; Fryxell, 1979; Wendel and Percival,
1990; Wendel and Percy, 1990; DeJoode and Wendel, 1992;
Wendel and Albert, 1992). These many examples serve to
underscore the importance of oceanic dispersal as a factor
in the evolution of the tribe.

3. EMERGENCE AND DIVERSIFI-
CATION OF THE COTTON
GENUS

3.1 A Global Pattern of Diversity

The framework of Figure 1-1 suggests that the cotton
genus has a history that extends back at least 12.5 million
years, and according to other molecular data (Wendel and
Albert, 1992) the lineage may be twice this old. Since its
emergence, the genus has achieved pantropical distribu-
tion with three primary centers of diversity. These are in
Australia, especially the Kimberley region, the Horn of
Africa and southern part of the Arabian Peninsula, and the
western part of central and southern Mexico.

Because of the economic importance of the cultivated
cottons, the genus has long attracted the attention of tax-
onomists, whose work has been summarized in several use-
ful volumes (Watt, 1907; Hutchinson et al., 1947; Saunders,
1961; Fryxell, 1979, 1992). The most widely followed
taxonomic treatments are those of Fryxell (Fryxell, 1979;

Fryxell et al., 1992), in which species are grouped into four
subgenera and eight sections. This classification system is
based primarily on morphological and geographical evi-
dence, although most infrageneric alignments are congruent
with cytogenetic and molecular data sets as well. At present,
Gossypium includes 49 species (Table 1-1), including some
recently recognized from Africa/Arabia (Vollesen, 1987)
and Australia (Fryxell et al., 1992). Although the classifica-
tion given in Table 1-1 is unlikely to change dramatically
in the coming years, the taxonomic status of a number of
species is still uncertain. This is especially the case for taxa
from Africa/Arabia, many of which are poorly represented
in collections and for whom information is largely lacking
on such central taxonomic issues as natural patterns of di-
versity and geographic distribution. Similarly, the wealth of
diversity in taxa from the Kimberley region of Australia is
presently being studied in detail from both morphological
and molecular perspectives (by C. Brubaker, L. Craven, T.
Seelanan, J. Stewart, and J. Wendel). This work will un-
doubtedly lead to some changes in our taxonomic concepts
within the genus (Table 1-1).

Global radiation of the genus was accompanied not only
by an impressive diversification in morphology and ecolo-
gy, but also by extensive chromosomal evolution (Beasley,
1940, 1942; Phillips and Strickland, 1966; Edwards and
Mirza, 1979; reviewed by Endrizzi et al., 1985; also see
Stewart, 1994). Genomes typically are reasonably similar
among close relatives, and this is reflected in the ability of
related species to form hybrids that display normal mei-
otic pairing and high F, fertility. In contrast, wider crosses
are often difficult or impossible to effect, and those that
are successful are usually characterized by meiotic abnor-
malities. The collective observations of pairing behavior,
chromosome sizes, and relative fertility in interspecific hy-
brids have led to the recognition of eight diploid “genome
groups” (designated A through G, plus K). This cytogenetic
partition of the genus is largely congruent with taxonomic
and phylogenetic divisions, as discussed below.

A summary cytogeographic depiction of the diploid
genome groups is shown in Figure 1-2. Although all dip-
loid Gossypium species have n = 13 chromosomes, DNA
content per genome varies more than three-fold (Edwards
et al., 1974; Kadir, 1976; Bennett et al., 1982; Michaelson
et al., 1991). The 2C contents range from approximately 2
picograms per cell in the New World D genome diploids to
approximately 7 pg per cell in Australian K genome spe-
cies (J. McD. Stewart, pers. comm.). The variation in DNA
content is probably caused by modification of the repetitive
DNA fraction, with relatively little difference in the abso-
lute amounts of single-copy DNA (Geever et al., 1989).

3.2 Taxonomy and Phylogeny

Speculation regarding the time and place of origin of
Gossypium has a long history (Hutchinson et al, 1947,
Saunders, 1961; Fryxell, 1965a; Johnson and Thein, 1970;
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Figure 1-2. Genome biogeography of Gossypium. Genome designations
and geographic distributions are shown. See text for additional detail.

Edwards et al., 1974; Vali¢ek, 1978). Much of this litera-
ture has been critically evaluated elsewhere (Wendel, 1989;
Wendel and Albert, 1992). The essential point is that in the
absence of a clear fossil record, the most rigorous method
for reconstructing the history of the genus is formal phylo-
genetic analysis. This approach becomes especially power-
ful when combined with measurements of DNA sequence
divergence, thereby allowing ages of particular lineages to
be estimated.

Phylogenetic investigations in Gossypium based on mo-
lecular data include cpDNA restriction sites (Wendel and
Albert, 1992), and DNA sequences for the 5S ribosomal
genes and spacers (Cronn et al., 1996), for the chloroplast
gene ndhF, and for the nuclear 5.8S gene and its flanking in-
ternal transcribed spacers (Seelanan ef al., 1997). Based on
these analyses, genealogical lineages of species are largely
congruent with genome designations and geographical dis-
tributions. Accordingly, each genome group corresponds to
a single natural lineage, and in most cases, these lineages
are also geographically cohesive. This information has been
embodied in the classification presented in Table 1-1 and
the synthesis depicted in Figure 1-3.

As shown, there are three major lineages of diploid spe-
cies, corresponding to three continents: Australia (C, G, K
genomes), the Americas (D genome), and Africa/Arabia (A,
B, E, and F genomes). Not illustrated is the uncertainty re-
garding some of the earliest branch points, which exists be-
cause the phylogenies inferred from the different molecular
data sets differ in some details. To a certain extent, this is not

surprising, given that divergences among the major genomic
groups appear, on the basis of DNA sequence divergence
(Seelanan et al., 1997), to have been closely spaced, with the
major lineages having been established by approximately
11.5 mybp, shortly after Gossypium originated and diverged
from the Kokia-Gossypioides clade. The evolutionary pic-
ture envisioned is one of rapid radiation early in the history
of the genus, leading ultimately to the emergence of the
modern cytogenetic groups. Relationships among species
within each genome group are in many cases solidly estab-
lished, whereas in others there is continuing uncertainty.

3.2.1 Australian Species

Some uncertainty resides with the Australian cottons
(subgenus Sturtia), which include 16 named species as well
as a new species yet to be named (Stewart, Craven, and
Wendel, unpublished). Collectively, these taxa are com-
prised in the C-, G-, and K-genome groups. These three
groups of species are implicated by DNA sequence data
(Seelanan et al., 1997) to be natural lineages, consistent
with their formal alignments (Table 1-1) into the taxonomic
sections Sturtia (C genome), Hibiscoidea (G genome), and
Grandicalyx (K genome). Relationships among the three
groups, however, are still not clear. Wendel and Albert
(1992) place G. robinsonii basally within the entire assem-
blage of Australian species (suggesting that radiation of
Gossypium in Australia proceeded eastward from the west-
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ernmost portion of the continent. However, recent analyses
by Seelanan ef al. (1997) are equivocal in this regard.

With respect to the taxonomy within each of the three
Australian genome groups, there is little uncertainty for the
C and G genome groups, as these are well represented in
collections and have been thoroughly studied (Wendel et
al., 1991; Wendel and Albert, 1992; Seelanan et al., 1997,
and references therein). Much less certain is the taxonomy
of the K genome species, which are all placed in section
Grandicalyx. These unusual species have a distinctive ge-
ography, morphology and ecology, and exhibit a syndrome
of features characteristic of “fire-adapted” plants. In par-
ticular, they are herbaceous perennials with a bi-seasonal
growth pattern whereby vegetative growth dies back during
the dry season, or as a result of fire, to underground root-
stocks that initiate a new cycle of growth with the onset of
the next wet season. In addition, they are distinctive in the
genus in having upright flowers whose pedicels recurve in
fruit, the latter releasing onto the ground lintless seeds with
a fleshy elaisome that functions in ant dispersal. Recent ex-
peditions to the Kimberley area have enhanced our under-
standing of the group and have resulted in the discovery of
at least seven new species, six of which have been formally
described (Fryxell et al., 1992), however circumscriptions
of the species are poorly understood. Our ongoing investi-
gations, in collaboration with J. Stewart and L. Craven, are

expected to expand our knowledge of the group and lead to
a more stable and justified taxonomy.
3.2.2 African-Asian Species

Subgenus Gossypium comprises fourteen species from
Africa and Arabia in the most recent taxonomic treatment of
the genus (Fryxell, 1992). In Table 1-1 these species are di-
vided into two sections, one (section Gossypium) with four
subsections and the other (section Serrata) with a single in-
cluded species, G. trifurcatum. This latter species, from des-
erts in eastern Somalia, is poorly understood taxonomically
and cytogenetically. The unusual feature of dentate leaves
raises the possibility that it may not belong in Gossypium,
and may instead be better referred to Cienfitegosia (Fryxell,
1992), a possibility that requires future evaluation.

This latter example underscores the provisional nature
of much of the taxonomy of the African-Arabian species
of Gossypium. Although there are recent valuable contri-
butions to our knowledge of the group (Vollesen, 1987;
Holubec, 1990; Fryxell, 1992), the need remains for basic
plant exploration for nursery material and additional tax-
onomic study. In addition to the uncertain position of G.
trifurcatum, the specific status of some taxa within subsec-
tion Anomala and especially subsection Pseudopambak is
unsure. Within the former, for example, Fryxell differenti-

Figure 1-3. Evolutionary history of Gossypium. Relationships among diploid groups are shown,
as is the origin of the allopolyploids following inter-genomic hybridization (top). Ambiguities
regarding branch orders are shown as trichotomies. See text for additional detail.
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ates G. triphyllum at the sectional level (as the sole species
of section Triphylla) based on some unusual morphological
characteristics and similarities to some section Hibiscoidea
taxa. Other taxonomic opinion, however (Vollesen, 1987)
and molecular data (Wendel and Albert, 1992; Seelanan et
al., 1997) place this SW African species squarely in section
Anomala with the other two B genome species. Within sec-
tion Pseudopambak, species recognition and definition are
in some cases based on rather limited herbarium material
(e.g., G. benadirense, G. bricchettii, G. vollesenii) without
the benefit of analyses typically conducted in Gossypium to
increase taxonomic confidence, such as “common garden”,
cytogenetic, or molecular experiments. Thus, this tentative
classification must suffice until additional material becomes
available for comparative study.

From a cytogenetic standpoint, the African-Arabian
species exhibit considerable diversity, collectively account-
ing for four of the eight genome groups. The A genome,
comprising the two cultivated cottons G. arboreum and
G. herbaceum of subsection Gossypium, has been exten-
sively studied (reviewed in Wendel et al., 1989; see also
discussion below). The three African species in subsection
Anomala make up the B genome, as discussed above. The
sole F-genome species, G. longicalyx, is cytogenetically
distinct (Phillips and Strickland, 1966), morphologically
isolated (Fryxell, 1971; Vali¢ek,1978; Vollesen, 1987), and
is perhaps adapted to more mesic conditions than any other
diploid Gossypium species. The remaining seven species
(subsection Pseudopambak) are considered to possess E
genomes, although three of these have not been examined
cytogenetically.

Efforts to resolve relationships within the entire subgenus
Gossypium and to reconstruct its evolutionary history have
met with mixed success. On the whole, taxonomic subdivi-
sions within the subgenus (as discussed above; see Table 1-1)
appear to correspond to natural lineages that are congru-
ent with cytogenetic designations. Molecular data (Wendel
and Albert, 1992; Seelanan ef al., 1997) uniformly support
the recognition of four evolutionary lines, corresponding to
the A, B, E, and F genomic groups. Different data sets dif-
fer in branch order among these groups, however, so in the
interest of conservatism we have shown the relationships
among subsections as unresolved in Figure 1-3. To a certain
extent, this phylogenetic ambiguity is expected, given the
DNA sequence data (Seelanan ef al., 1997) implicating an
evolutionary history of rapid and early diversification of the
primary lineages (and hence, short “interior branches” that
are difficult to detect and discern). Notwithstanding this po-
tential roadblock to gathering definitive phylogenetic evi-
dence, additional study of this group is critical, not only for
understanding the history of the African-Arabian lineages,
but for evaluating earlier speculations that the genus origi-
nated in Africa (e.g.,, Hutchinson et al., 1947; Saunders,
1961: Johnson and Thein, 1970).

Wendel et al.

3.2.3 American Diploid Species

Subgenus Houzingenia contains two sections and six
subsections, whose species collectively represent the New
World D-genome diploids (Table 1-1). Given their prox-
imity to American taxonomists and agriculturalists, these
species have been more thoroughly collected and studied.
Consequently their taxonomy is reasonably well under-
stood. The subgenus has also received considerable phylo-
genetic attention (Wendel and Albert, 1992; Wendel ef al.,
1995a; Cronn et al., 1996; Seelanan et al., 1997), which
provides strong support for the naturalness of most of the
recognized subsections. Specifically, the 13 species are di-
vided into lineages corresponding precisely to the six taxo-
nomic subsections. Evolutionary relationships among these
subsections are less evident, however, and so a conservative
representation is shown in Figure 1-3. Illustrated is the ap-
parent lack of correspondence between phylogeny and the
alignment of subsections into the two sections Houzingenia
and Erioxylum, which Fryxell (1979, 1992) has long main-
tained as natural. Although this alignment is not directly
contradicted by molecular data, different data sets lead
to various reconstructions, with a consensus view yet to
emerge. An additional revelation from molecular work
(Wendel and Albert, 1992; Wendel ef al., 1995a; Cronn
et al., 1996) is that G. gossypioides, a species with some
unusual morphological features and the sole representative
of subsection Selera, is the closest relative of G. raimon-
dii, a geographically isolated species (with a narrow dis-
tribution in Peru) and the exclusive member of subsection
Austroamericana. This relationship has implications for the
origin of allopolyploid cottons, as discussed below.

Available evidence indicates that the D-genome lineage
is no more than 10 million years old, which implies an origin
following long-distance dispersal from Africa. Because the
center of diversity of this assemblage of 13 species is west-
ern Mexico, it is likely that the lineage became established
and initially diversified in this region. Later range extensions
are inferred to have arisen from relatively recent (probably
Pleistocene) long-distance dispersals, leading to the evolu-
tion of endemics in Peru (G. raimondii) and the Galapagos
Islands (G. klotzschianum; Wendel and Percival, 1990).

4. BIOGEOGRAPHY AND
SPECIATION
4.1 Speciation Mechanisms in the

Diploids

4.1.1 Dispersal and Vicariance

As discussed above and as illustrated in Figure 1-1,
Gossypium is estimated to have originated 12.5 (Seelanan et
al., 1997) to 25 (Wendel and Albert, 1992) mybp. Because
paleocontinental reconstructions of the Earth at this time
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show the African and Australian plates to be separated by
several thousand km of ocean, disjunction of the Australian
and African lineages probably occurred via long-distance
dispersal rather than range fragmentation caused by the emer-
gence of a natural barrier such as a mountain range or desert
(vicariance). Similar arguments for long-distance dispersal
apply to later divergences among the major lineages, includ-
ing D-genome radiation from Africa into the Americas, and a
second colonization of the New World by the A-genome an-
cestor of the AD-genome allopolyploids (discussed below).
Indeed, the propensity for long-distance dispersal appears
characteristic of the entire cotton tribe, given the lineage ages
and geographic framework of Figure 1-1.

Long-distance dispersal clearly played an important role
not only in diversification of major evolutionary lines but also
in speciation within Gossypium lineages. Examples include
dispersals from southern Mexico to Peru (G. raimondii),
from northern Mexico to the Galapagos Islands (G. klotzs-
chianum; Wendel and Percival, 1990), from western South
America to the Galapagos Islands (G. darwinii; Wendel and
Percy, 1990), from Africa to the Cape Verde Islands (G. capi-
tis-viridis), and from the neotropics to the Hawaiian Islands
(G. tomentosum; DeJoode and Wendel, 1992). These latter
examples, as well as those cited above for the origin of gen-
era within the tribe Gossypieae, suggest a common dispersal
mechanism of oceanic drift. In this respect, seeds of many
species of Gossypium are tolerant of prolonged periods of
immersion in salt water (Stephens, 1958, 1966). Remarkably,
seeds of the Hawaiian endemic cotton, G. tomentosum, are
capable of germination after three years immersion in artifi-
cial sea water (Fryxell, pers. comm.).

Many Gossypium species have relatively small and iso-
lated geographic distributions, raising the possibility that
their disjunction from other taxa arose via range fragmen-
tation accompanying climatic fluctuations (Fryxell, 1965a,
1979) or other forms of vicariance. In the Kimberley re-
gion of Australia, for example, speciation may have been
promoted during periods of desertification by progressive
range restriction of one or more widespread species into
pockets of suitable habitat. The accompanying geograph-
ic isolation is envisioned to have permitted genetic and
morphological divergence, and ultimately the genesis of
novel taxa. Similar processes may have been instrumental
in generating one or more of the many species-pairs that
are common in Gossypium, for example, the morphologi-
cally similar and interfertile, yet geographically disjunct G.
thurberi (Sonora to Chihuahua, Mexico and Arizona) and
G. trilobum (Sinaloa to Morelos, Mexico). Fryxell (1965a,
1979) suggested that this disjunction, as well as several oth-
ers, arose as a consequence of range restrictions caused by
increasing aridity during the Pleistocene-to-Recent transi-
tion (ca. 11,000 years ago).
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4.1.2 Cytoplasmic Introgression and

Recombinational Speciation

In addition to the conventional phenomena of diver-
gence mediated by dispersal and vicariance, speciation in
Gossypium has involved evolutionary processes that are less
well understood. This was first discovered when molecular
markers from the plastid and nuclear genomes were used
to document the evolutionary history of G. bickii (Wendel
et al., 1991). This species is one of three morphologically
similar G-genome cottons (along with G. australe and G.
nelsonii) in section Hibiscoidea. In contrast to expectations
based on this taxonomy, the maternally inherited chloro-
plast genome of G. bickii was nearly identical to the plastid
genome of G. sturtianum, a morphologically distant C-ge-
nome species in a different taxonomic section (Sturtia). In
contrast, nuclear markers showed the expected relationship,
i.e., that G. bickii shares a more recent common ancestor
with its close morphological allies, G. australe and G. nel-
sonii, than it does with G. sturtianum. This discrepancy was
explained by invoking a bi-phyletic ancestry for G. bickii,
whereby G. sturtianum, or a similar species, served as the
maternal parent in an ancient hybridization with a paternal
donor from the lineage leading to G. australe and G. nel-
sonii. Interestingly, no G. sturtianum nuclear genes were
detected in G. bickii, suggesting that the nuclear genomic
contribution of the maternal parent was eliminated from the
hybrid or its descendent maternal lineage.

This phenomenon of “cytoplasmic capture” or “recom-
binational speciation” has subsequently been implicated
elsewhere in the genus. A likely example concerns the K-
genome species G. cunninghamii, which perhaps not coin-
cidentally has an unusual morphology and is geographically
widely disjunct from its close relatives. This species is re-
stricted to the Cobourg Peninsula of the Northern Territory
approximately 500 km distant from the Kimberley region,
where all other K-genome taxa are found. Analogous to G.
bickii, the chloroplast genome of G. cunninghamii appears
to have been donated by the G. sturtianum lineage, although
in this case the hybridization event appears to have been
more ancient (Wendel and Albert, 1992).

A final example involves G. aridum, one of four spe-
cies of Mexican cottons that are comprised in subsection
Erioxylum. These four species form a morphologically
coherent and distinctive group whose shared common an-
cestry is supported, with one exception, by all molecular
data (DeJoode, 1992; Wendel et al., 1995a; Cronn et al.,
1996; Seelanan et al., 1997). The exception relates to popu-
lations from the Mexican state of Colima that have a chlo-
roplast genome that is strikingly divergent from that found
in the remainder of the species (DeJoode, 1992; Wendel
and Albert, 1992). This alien cytoplasm is inferred to have
originated through an ancient hybridization with a member
of the Integrifolia subsection, whose two extant species (G.
davidsonii and G. klotzschianum) have geographic ranges
(Baja California and the Galapagos Islands, respectively)
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that are distant from the range of G. aridum. As was the
case with G. bickii, the nuclear genome of G. aridum, in-
cluding the Colima populations, exhibits no evidence of
this introgression event.

The foregoing examples highlight the possibility of
cytoplasmic introgression between species whose present
ranges give no indication that hybridization is even pos-
sible, and apparently without long-term survival of nuclear
genes from the maternal progenitor. Possibly one or more
of these species (or others) actually originated through an
evolutionary process that was “seeded” by a hybridization
event. In the case of G. aridum, however, cytoplasmic in-
trogression without speciation is implicated, in that only
populations from a small part of the range contain the aber-
rant cytoplasm. Possible mechanisms of cytoplasm transfer
include repeated backcrossing of the hybrid as female into
the paternal donor lineage, cytoplasmic male sterility, se-
lection against recombinant nuclear genomes and a form
of apomixis known as semigamy (Wendel et al, 1991;
Rieseberg and Wendel, 1993).

4.1.3 Nuclear Introgression and

Recombinational Speciation

The most recently discovered ‘“unusual” speciation
mechanism in Gossypium is one involving recombination
between diverged nuclear genomes. The species in ques-
tion is G. gossypioides, the exclusive member of subsection
Selera and a taxon that persists in several small isolated
populations in a single river drainage in Oaxaca, Mexico.

Until recently, there was no indication that G. gossypi-
oides had a noteworthy evolutionary history, in that the in-
ferred relationships between G. gossypioides and the other
D-genome species, based on comparative gross morphol-
ogy (Fryxell, 1979, 1992), cytogenetic data (Brown and
Menzel, 1952a), interfertility relationships (Brown and
Menzel, 1952b), and allozyme analysis (Wendel, unpub-
lished data) were congruent. Wendel et al. (1995b), sur-
prisingly, have demonstrated that nuclear ribosomal DNA
sequences from G. gossypioides are unlike those of all other
D-genome taxa. In fact, the DNA sequence data implicate
extensive recombination with rDNA sequences from A-ge-
nome cottons. Subsequent to this finding, other repetitive
DNAs from G. gossypioides have been found to be simi-
larly introgressant (Zhao ef al., in prep).

Wendel et al. (1995b) attributed these data to an ancient
hybridization event, whereby G. gossypioides experienced
contact with an A genome, either at the diploid level, or at
the triploid level as a consequence of hybridization with a
New World allopolyploid, followed by repeated backcross-
ing of the hybrid into the G. gossypioides lineage, thereby
restoring the single-copy component of the D nuclear ge-
nome. Possibly the G. gossypioides lineage was spawned
by this process. To the extent that this is true, this example
highlights an additional mechanism of recombinational spe-
ciation in the genus Gossypium. As discussed below, these
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data also raise the possibility that G. gossypioides, rather
than G. raimondii, is the closest living descendant of the
ancestral D-genome parent of the allopolyploids.

4.2 Origin and Diversification of the

Allopolyploids

The previous section highlighted the potential signifi-
cance of hybridization on species formation at the diploid
level in Gossypium. Long before these examples were dis-
covered, however, the role hybridization played in poly-
ploid speciation in Gossypium had been well documented.

Ample evidence establishes that the New World tetra-
ploid cottons are allopolyploids containing an A genome
similar to those found in the Old World cultivated diploids
and a D genome similar to those found in the New World
diploids species (reviewed in Endrizzi et al., 1985; also see
Wendel, 1989). This implies that the two genomes must
have established physical proximity, at least ephemerally, at
some time in the past. Presently, however, the two parental
genomic groups exist in diploid species with geographical
distributions that are half a world apart. This mystery of
allopolyploid formation has led to considerable speculation
regarding the identity of the progenitor diploid species, the
question of how many times polyploids were formed, and
the time of allopolyploidization (Endrizzi et al., 1985).

Molecular data indicate that all allopolyploids in
Gossypium share a common ancestry, lending support to
the hypothesis that polyploid formation occurred only once
(contra suggestions of multiple origins: Johnson, 1975;
Parks et al., 1975). In addition, all allopolyploids contain
an Old World (A genome) chloroplast genome, indicating
that the seed parent in the initial hybridization event was an
African or Asian A-genome taxon (Wendel, 1989).

Views concerning the time of polyploid formation have
varied widely, from proposals of a Cretaceous origin with
subsequent separation of genomic groups arising from tec-
tonic separation of the South American and African conti-
nents, to suggestions of very recent origins in prehistoric
times involving transoceanic human transport. Molecular
data suggest a geologically recent (Pleistocene) origin of
the allopolyploids, perhaps within the last 1 to 2 million
years, consistent with earlier suggestions based on cy-
togenetic (Phillips, 1963) and ecological considerations
(Fryxell, 1965a, 1979).

A Pleistocene origin for allopolyploid cotton has several
evolutionary implications. First, morphological diversifica-
tion and spread of allopolyploid taxa subsequent to poly-
ploidization must have been relatively rapid. This is appar-
ent in published data (Wendel, 1989; Wendel and Albert,
1992) as well as in recently generated DNA sequence data
(Wendel, unpubl.) where few differences among the al-
lopolyploid species were discovered in a survey of over
5000 base pairs of chloroplast DNA. Collectively, the
data implicate an early radiation into three lincages (Fig.
1-3). Gossypium mustelinum, the sole descendant of one
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branch of the earliest polyploid radiation, is restricted to a
relatively small region of northeast Brazil (Wendel et al.,
1994). Each of the other two lineages is represented by two
species, one of which is cultivated (G. barbadense and G.
hirsutum), while the other is an island endemic that origi-
nated from long-distance dispersals: G. barbadense with
G. darwinii (Galapagos Islands; Wendel and Percy, 1990)
and G. hirsutum with G. tomentosum (Hawaiian Islands;
DeJoode and Wendel, 1992). The two cultivated species
have large indigenous ranges in Central and South America,
the Caribbean, and even reach distant islands in the Pacific
(Solomon Islands, Marquesas etc.). Some have recognized
a sixth allopolyploid species (e.g., Fryxell, 1979), G. lan-
ceolatum (= G. hirsutum “race palmeri”), which is known
only as a cultigen. Brubaker and Wendel (1993) reviewed
the evidence that bears on the specific status of this taxon
and concluded that G. lanceolatum is more properly consid-
ered a variant of G. hirsutum.

A second implication of a Pleistocene origin of the al-
lopolyploids is the possibility of identifying modern diploid
lineages that closely approximate the original genome do-
nors. Many investigators have considered a species similar
to G. raimondii, from Peru, as representing the closest liv-
ing model of the D-genome, paternal donor to the allopoly-
ploids, although other species have been suggested (Endrizzi
et al., 1985; Wendel, 1989). Gossypium raimondii belongs
to an evolutionary lineage that is otherwise Mexican and its
closest relative is G. gossypioides, from Oaxaca, suggesting
a recent dispersal to South America. The identity of the A-
genome donor is also uncertain. Genomes of the only two
A-genome species, G. arboreum and G. herbaceum, differ
from the A sub-genome of allopolyploid cotton by three and
two reciprocal chromosomal arm translocations, respective-
ly (Brown and Menzel, 1950; Gerstel, 1953; Menzel and
Brown, 1954), suggesting that G. herbaceum more closely
resembles the A-genome donor than G. arboreum.

A third implication of a Pleistocene polyploid origin
concerns the biogeography of their formation. Cytogenetic
data, combined with the observation that the only known
wild A-genome cotton is African (G. herbaceum subsp.
africanum), has been used to support the suggestion that
polyploidization occurred following a trans-Atlantic intro-
duction to the New World of a species similar to G. herba-
ceum. While this theory is plausible, G. herbaceum is clear-
ly not the actual maternal parent, as indicated by its cytoge-
netic and molecular differentiation from the A subgenome
of the allopolyploids (Brown and Menzel, 1950; Gerstel,
1953; Menzel and Brown, 1954; Wendel, 1989; Brubaker
et al., 1999). Wendel and Albert (1992) raised the possi-
bility of a pre-agricultural radiation of the A genome into
Asia followed by a trans-Pacific, rather than trans-Atlantic,
dispersal to the Americas. This possibility is supported by
the biogeography of the D-genome species, which are hy-
pothesized to have originated in western Mexico. The rela-
tively recent arrival of G. raimondii in Peru also suggests
that the initial hybridization event may have taken place in
Mesoamerica rather than South America.
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The evolution of the AD genome allopolyploids is con-
ceptually intertwined with the phenomenon of A genome
introgression into the G. gossypioides lineage, as discussed
in the section Nuclear Introgression and Recombinational
Speciation, above. Because G. gossypioides is the only D-
genome diploid that exhibits evidence of genetic “contact”
with an A-genome plant, the long-distance dispersal event
that led to an ephemeral presence of an A-genome entity in
the New World is suggested to have occurred after G. gos-
sypioides diverged from its closest relative, G. raimondii,
consistent with other indications of a Pleistocene allopoly-
ploid origin (Phillips, 1963; Fryxell, 1979; Wendel, 1989).
This evolutionary history raises the possibility (Wendel et
al., 1995a) that the G. gossypioides lineage was involved in
the origin of allopolyploid cotton rather than G. raimondii,
as is the prevailing opinion (Endrizzi et al., 1985). Indeed,
A-genome introgression into G. gossypioides and initial al-
lopolyploid formation may have been spatially and tempo-
rally associated events, and may even have occurred in the
same population (Wendel et al., 1995a). The proposal that
G. gossypioides, or more precisely its extinct ancestor or
close relative, is the D-genome parent of the allopolyploids
is intriguing and worthy of further study. At present, this
hypothesis provides a simple scenario that accounts for all
biogeographic, cytogenetic, and molecular data.

5. DOMESTICATION OF THE
CULTIVATED COTTONS

All Gossypium species have seeds with hairs that are
elongated epidermal cells (Fryxell, 1963). During develop-
ment, the seed hairs of most wild Gossypium species de-
posit thick secondary walls, and when these hairs desiccate
after the capsules open, the hairs retain their circular as-
pect in cross-section. The lint-bearing species, from which
the cultivated cottons were domesticated, have a “fuzz” of
short cylindrical hairs (ca. 1 to 3 mm) similar to the hairs
of the wild Gossypium species', but they also have a second
“fiber” or “lint” layer of longer hairs (ca. 10 to 25 mm) that
have thinner secondary cell walls (Fryxell, 1963). When
these lint hairs desiccate at maturity, they form a flattened
ribbon, and because the cellulose strands of the secondary
walls are laid down in periodically reversing spirals, the en-
tire hair convolutes and twists. It is this characteristic that
allows the fibers to be spun into a yarn (Hutchinson and
Stephens, 1947).

The layer of elongated lint is restricted in its distribution
to the A-genome and AD-genome species of Gossypium, and
perhaps the rare Madagascan species, Gossypioides brevila-
natum (Hutchinson and Stephens, 1947). Four of these spe-
cies have be domesticated: the Old World diploids, G. arbo-
reum and G. herbaceum, and the New World allotetraploids,

1

A few New World cultigens may lack the fuzz layer (Fryxell,
1963),
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G. barbadense and G. hirsutum. Hutchinson et al. (1947)
suggested that the evolution of the lint occurred under do-
mestication. This scenario, however, rests upon a number of
implausible events and is no longer accepted (Hutchinson,
1954). More likely, lint evolved by natural selection and
that the original domesticators recognized the utility of this
naturally occurring characteristic (Fryxell, 1979). In this re-
gard, all archeobotanical materials of Gossypium recovered
to date can be attributed to the four domesticated lint-bear-
ing species (Gulati and Turner, 1928; Chowdhury and Buth,
1971; Smith and Stephens, 1971; Stephens and Moseley,
1974; Damp and Pearsall, 1994). Lint-bearing seeds prob-
ably evolved only once, in the ancestor of the A-genome
lineage, prior to allopolyploid formation and long before
human intervention (Saunders, 1961).

Regardless of the timing of the evolution of the lint,
accumulated evidence suggests that each of the four cul-
tivated species existed as a distinct wild species prior to
domestication (Wendel e al., 1989; Percy and Wendel,
1990; Wendel et al., 1992; Brubaker and Wendel, 1994).
Apparently early in the evolution of the A genome, a muta-
tion that gave rise to longer, thinner-walled seed hairs in
addition to a layer of shorter cylindrical seed hairs became
fixed either because of some selective advantage or by sto-
chastic processes (Hutchinson, 1962). The species that later
evolved from this now extinct A-genome entity, either via
divergence (G. arboreum and G. herbaceum) or allopoly-
ploid speciation (G. barbadense and G. hirsutum), pos-
sessed a useful characteristic that independently attracted
the attention of aboriginal domesticators in four different
pre-historical cultures. In this regard, the genus Gossypium
is unique among crop plants.

5.1 Evolution Under Domestication

The effects of human manipulation on the four culti-
vated species have been so extensive that the evolution of
these species can only be understood within the context
of domestication. Starting with the original domestica-
tion events, the genetic structures, morphologies, and geo-
graphical ranges of G. arboreum, G. herbaceum, G. bar-
badense, and G. hirsutum have been modified by parallel
changes due to human selection and human-mediated influ-
ences. The wild progenitors most likely had restricted and
widely separated geographic ranges, typical of most wild
Gossypium species. Following domestication within these
geographically restricted indigenous ranges, low levels of
human-mediated germplasm diffusion modestly extended
the native ranges. This was followed by more intensive ag-
ronomic development which in turn led to more extensive
germplasm diffusion. The advent of global travel produced
additional rounds of agronomic improvement and germ-
plasm diffusion.

The end result of these overlapping series of agronomic
development and germplasm diffusion is that all four culti-
vated species exhibit greater levels of morphological diver-
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sity and encompass much larger geographic regions than
most of their wild counterparts (Hutchinson ef al., 1947).
The four cultivated species, however, are not exceptionally
diverse genetically (Wendel et al., 1989; Percy and Wendel,
1990; Wendel et al., 1992; Brubaker and Wendel, 1994), a
phenomenon that reflects the genetic bottlenecks through
which each species has passed during various stages of do-
mestication. Some of the genetic diversity that exists may
actually derive from interspecific introgression, as human-
mediated germplasm diffusion brought formerly separated
species (G. arboreum-G. herbaceum and G. barbadense-G.
hirsutum) into contact. Throughout their current ranges, all
four species are found primarily as cultivars with varying
levels of development, or as feral derivatives that have es-
tablished self-perpetuating populations in human-modified
environments (e.g., roadsides, field edges, dooryards). The
wild progenitors exist in relic populations that occupy small
and sometimes peripheral parts of the indigenous ranges.

For all four cultivated species, human selection has
converged to a similar phenotype: short, compact, day-
length-neutral shrubs with large fruits and large seeds with
permeable seed coats and a marked differentiation between
the lint and fuzz layers (Fryxell, 1979). In contrast, their
antecedents are perennial, sprawling or upright shrubs or
small trees, with small fruits and seeds with impermeable
seed coats and poor differentiation between the lint and fuzz
fiber layers. The transformation from one end of this spec-
trum to the other occurred gradually during the past four
millennia and in concert with changing agricultural tech-
nology. The first selection probably was unintentional and
was for genotypes that could grow well in human-modified
environments. Subsequent morphological modifications can
all be attributed to changes in technology (Fryxell, 1979).
The development of weaving would have led to selection
for lint quality characteristics. The transport of cotton into
higher latitudes led to the development of day-length neu-
tral varieties. The requirement of hand-ginning favored
smooth-seeded varieties that had easily detached lint fibers
(e.g., the G. barbadense kidney cottons). The invention of
mechanical gins allowed smooth-seeded varieties to be re-
placed by fuzzy-seeded variants with higher quality lint and
lint percentages.

The role of introgression in the development of the
cultivated species is worthy of special mention. Few of the
wild species grow together in the wild, and not surprisingly,
therefore, documented cases of hybridization and introgres-
sion are rare (Wendel et al., 1991). Among the cultivated
species, both intentional and unintentional hybridizations
have been more common, the latter occurring in many
parts of the indigenous ranges prior to the 20" century. This
can be attributed to human-mediated range expansion that
brought formerly isolated species into contact. While this
led to overlapping morphological attributes between G.
arboreum and G. herbaceum and between G. barbadense
and G. hirsutum (Stephens, 1967; Boulanger and Pinheiro,
1971; Stephens, 1974; Stanton et al., 1994), species distinc-
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tion has not been obscured (Wendel et al., 1989; Brubaker
etal, 1993).

The maintenance of species boundaries can be attrib-
uted to genetic or cytological barriers between the species.
When G. barbadense and G. hirsutum, or G. arboreum and
G. herbaceum, hybridize, the F, typically is vigorous and
fertile, but numerous depauperate progeny occur in the F,
and later generation progenies (Harland, 1939; Silow, 1944;
Knight, 1945; Stephens, 1949, 1950b; Hutchinson, 1954,
Phillips, 1960). Typically the most vigorous and fertile
plants recovered from such interspecific pairings resemble
one of the parents. In addition, the two A-genome diploids
differ from each other by a reciprocal chromosome arm
translocation (Menzel and Brown, 1954), and in areas of
sympatry, G. barbadense and G. hirsutum populations have
high frequencies of alternate alleles for the corky locus
(Stephens, 1946, 1950a; Stephens and Phillips, 1972); in-
terspecific hybrids heterozygous for these alleles are stunt-
ed and female sterile.

Despite these isolating mechanisms, introgression be-
tween G. barbadense and G. hirsutum and between G. ar-
boreum and G. herbaceum has occurred within their indige-
nous ranges. Patterns of introgression between G. arboreum
and G. herbaceum have received only preliminary study, but
each species shows evidence of ancient nuclear introgres-
sion from the other species (Wendel ef al., 1989). Among
the indigenous New World cottons, nuclear and cytoplasmic
introgressions are not symmetrical (Brubaker et al., 1993).
Nuclear introgression is geographically more widespread
and more frequently detected than is cytoplasmic introgres-
sion. Nuclear introgression is rarely detected in G. bar-
badense, but has been detected in accessions from west of
the Andes as well as from Paraguay and Argentina (Percy
and Wendel, 1990). In contrast, populations of G. hirsutum
frequently contain G. barbadense alleles, especially in ac-
cessions from sympatric regions. The highest frequency of
G. barbadense alleles is detected in G. hirsutum race marie-
galante (Brubaker and Wendel, 1994). This day-length sen-
sitive arborescent cotton is found primarily where the two
species co-occur (the Caribbean, northern South American,
and Central America) and is morphologically intermediate
between G. barbadense and G. hirsutum (Stephens, 1967;
Boulanger and Pinheiro, 1971; Stephens, 1974).

In contrast to the higher levels of “indigenous™ intro-
gression observed in G. hirsutum than in G. barbadense,
the deliberate interspecific introgression that has character-
ized modern breeding programs of both species has had a
much greater impact on G. barbadense than on G. hirsutum.
Transpecific alleles are only rarely detected in modern G.
hirsutum cultivars (Brubaker ef al., 1993), but on average
8.9% of RFLP alleles in modern improved G. barbadense
cultivars come from G. hirsutum (Wang et al., 1995). This
may, in part, explain why modern, highly improved G. bar-
badense cultivars, as a group, exhibit levels of genetic di-
versity greater than accessions from all indigenous regions
except the west Andean region, the center of genetic diver-
sity for the species (Percy and Wendel, 1990).
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Despite the low levels of transpecific alleles detected
in indigenous G. barbadense, there is evidence that some
of these G. hirsutum alleles were captured prior to the de-
velopment of the first modern improved G. barbadense cul-
tivars (Sea Island). Stephens (1975) hypothesized that the
successful introduction of G. barbadense into the United
States depended on the introgressive transfer of day-length-
neutrality from G. hirsutum to the short-day indigenous G.
barbadense cultivars. Support for this idea comes from the
observation that most indigenous day-neutral forms of G.
barbadense show evidence of introgression from G. hirsu-
tum. Wang et al. (1995) detected G. hirsutum RFLP alleles
in the agronomically primitive Peruvian accessions, Tanguis
45 and Mollendo, and in all Sea Island accessions they ex-
amined, and Percy and Wendel (1990) found the highest
percentages of introgressed G. hirsutum alleles in indig-
enous cultivars from Argentina and Paraguay. Introgression
of this trait probably occurred before the introduction of G.
barbadense into the United States, because day-length sen-
sitive accessions would not have flowered could not have
persisted long enough for introgression to occur following
their introduction (Hutchinson and Manning, 1945).

5.2 Domestication of Cotton in the Old

World

Little is known about the time and place of domestica-
tion of G. arboreum and G. herbaceum in the Old World.
Cloth fragments and yarn that most likely were derived
from G. arboreum, dated to 4300 years B.P., were recov-
ered from archeological sites in India and Pakistan (Gulati
and Turner, 1928). No clearly identified archeological re-
mains of G. herbaceum have been recovered, but the stron-
ger geographic discrimination among subtypes and its wide
distribution prior to the development of industrial textile
manufacturing imply a history of domestication at least as
long as that of G. arboreum.

Gossypium herbaceum is known primarily as a crop
plant (grown from Ethiopia to western India), with the ex-
ception of an endemic form from southern Africa, G. her-
baceum ssp. africanum. This morphologically distinct en-
tity, which occurs in regions far removed from historical or
present diploid cotton cultivation, has a unique ecological
status in that it is fully established in natural vegetation in
open forests and grasslands. Its small fruit, thick, impervi-
ous seed coats, sparse lint, and absence of sympatric culti-
vated G. herbaceum suggest that G. herbaceum ssp. afiica-
num is a wild plant. Consistent with the expectation that the
site of original domestication lies within the range of the
wild progenitors, this is generally accepted as the source
of the original G. herbaceum cultigens (Hutchinson, 1954).
The most agronomically primitive G. herbaceum cultivars,
constituting the perennial race acerifolium forms, are dis-
tributed along the coasts boarding the Indian Ocean trade
routes. This suggests that the primary dispersion involved
the diffusion of G. herbaceum northward into northern
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Africa, Arabia and Persia. Hutchinson (1954) suggests that
secondary agronomic development and diffusion led to
expansion into western Africa and the development of an-
nualized forms in more northerly temperate climates. The
agronomic success of the annualized G. herbaceum races
fostered a later dispersal into peninsular India that replaced
perennial G. arboreum cultigens.

Gossypium arboreum is the only cultivated species for
which a clearly identified wild progenitor is not known. This
assertion warrants further investigation because it is certain-
ly biased by the assumption that lint evolved under domes-
tication, hence the dismissal of self-perpetuating forms of
linted G. arboreum in indigenous vegetation as feral deri-
vates of domesticated forms (Hutchinson et al., 1947). Two
geographic regions can be nominated as possible regions
for the location of the original wild progenitor populations
and the original domesticated forms. On Madagascar two
forms of G. arboreum have been described. The first is a
primitive arborescent form found only in xerophytic wood-
lands; the second is a primitive cultigen found only in as-
sociation with human settlements (Hutchinson, 1954). The
ecological discrimination between these geographically
adjacent G. arboreum forms is consistent with a progeni-
tor-derivative relationship, but without access to these ac-
cessions, this hypothesis cannot be tested. The Indus val-
ley (Mohenjo Daro) has also been nominated as a possible
site of original domestication or agronomic development
on the basis that it represents the center of diversity for G.
arboreum. The first documented archeological evidence for
Old World cultivated cotton was found there (Gulati and
Turner, 1928). This may be true, but as a cautionary note,
current centers of diversity do not necessarily correspond to
original geographic points of origin. Instead, they may have
developed during later stages of domestication and human-
mediated germplasm diffusion. Hutchinson (1954) consid-
ers the Indus Valley cottons (Gulati and Turner, 1928) to be
more similar to northern, more agronomically advanced G.
arboreum cultivars, suggesting that the Indus Valley may
represent a site of secondary development and diffusion.

Without a clearly identified geographical point of origin,
one can only comment on more recent stages of agronomic
development. Within G. arboreum two series of develop-
ments appear to have occurred (Hutchinson, 1954). The
first involves the development of a primitive perennial do-
mesticate, race indicum in western India, that subsequently
was dispersed into peninsular India and along the east coast
of Africa via the Indian Ocean trade routes and perhaps into
East Asia (Hutchinson, 1954, 1962). Race indicum cottons
represent the most agronomically primitive form of G. ar-
boreum and, thus, may exemplify the remnants of the first
agronomic dispersal. A second flowering of development is
centered around the Indus Valley, from which a number of
dispersions occurred. One pathway led west through Egypt
into Western Africa, while eastern diffusion encompassed
China and East Asia. Much of this dispersion occurred with
the advent of the modern textile industry, and it is this north-

Wendel et al.

ern group that came to dominate Old World cotton cultiva-
tion prior to the introduction of New World cottons.

The morphological and genetic similarities (Silow,
1944) between the primitive G. arboreum race indicum
and G. herbaceum race acerifolium cultivars has been
cited as evidence of a progenitor-derivative relationship
(Hutchinson, 1954, 1962). Molecular data, however, sup-
port the alternative that the two species were independently
domesticated from divergent wild progenitors (Wendel et
al., 1989). In light of this observation, morphological simi-
larity may be attributed to parallel retention of characteris-
tics from a common ancestor or from post-domestication
introgression between G. arboreum and G. herbaceum as
they came into contact along the Indian Ocean trade routes
(Wendel et al., 1989). One might expect that the retention
of ancestral characteristics would be highest in the least de-
veloped cultigens, consistent with the observations noted
above. To the extent that introgression has contributed to
the observed similarities, it would parallel the evolution of
G. hirsutum race marie-galante, which probably originated
from interspecific introgression between G. hirsutum and
G. barbadense as their indigenous ranges jointly expanded
into the Caribbean under domestication (Stephens, 1967,
Boulanger and Pinheiro, 1971; Stephens, 1974).

5.3 Domestication of Cotton in the New

World

Although G. arboreum is still a significant crop plant
in India and Pakistan, and G. herbaceum 1is cultivated on
a small scale in several regions of Africa and Asia, New
World tetraploid cultivars presently dominate worldwide
cotton production. Primary production areas for G. bar-
badense (Pima and Egyptian cotton) include several regions
of Central Asia, Egypt, Sudan, India, the United States, and
China. Gossypium barbadense is favored for some purpos-
es because of its long, strong, and fine fibers, but its rela-
tively low yield has limited its importance to less than 10%
of total world production. The bulk (>90%) of the world’s
cotton is supplied by modern cultivars of G. hirsutum, or
“Upland” cotton. Upland cultivars currently are grown in
more than 40 nations in both tropical and temperate lati-
tudes, from 47°N in the Ukraine and 37°N in the United
States to 32°S in South America and Australia (Niles and
Feaster, 1984).

Gossypium barbadense was most likely domesticated
in northwest South America, perhaps along the coast or
inland near watercourses. The earliest archeobotanical re-
mains (seed, fiber, fruit, yarn, fishing nets, and fabrics) of
G. barbadense were recovered from central coastal Peru,
dating to 5500 years B.P. (Vreeland, pers. comm.). The
primitive agronomic characteristics of the remains support
the general belief they were derived from early domesticat-
ed forms and that the original domestication must have oc-
curred somewhere in this region (Hutchinson ef al., 1947).
This hypothesis is supported by molecular evidence (Percy
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and Wendel, 1990), which reveals a center of genetic diver-
sity that is geographically congruent with the distribution of
wild populations. Following a primary domestication west
of the Andes, the primary dispersal appears to have been
a trans-Andean expansion into northern South America. A
secondary stage of agronomic development and dispersal
expanded the range of G. barbadense into Central America,
the Caribbean and the Pacific. A post-Columbian disper-
sal from the West Andean gene pool into Argentina and
Paraguay further expanded the range. The trans-Andean
dispersal of G. barbadense in northern South America and
then into Central America, the Caribbean, and the Pacific
was accompanied by sequential reductions of genetic diver-
sity and allelic richness (Percy and Wendel, 1990).

The modern elite G. barbadense cultivars trace their
origins to the Sea Island cottons developed on the coastal
islands of Georgia and South Carolina. Historical data re-
garding the development of the first Sea Island cottons are
limited and contradictory. Stephens (1976) suggested that
they originated from the West Indian Sea Island cottons,
but Hutchinson and Manning (1945) suggest that the origi-
nal introductions came from west Andean Peruvian stocks.
Multivariate analyses of allozyme data (Percy and Wendel,
1990) support the latter hypothesis. If the day-length neu-
trality and the extra-long staple fiber of the Sea Island cot-
tons did arise via introgression from G. hirsutum (Stephens,
1975), the most likely progenitors would be those from ar-
eas where introgression is highest, viz. west of the Andes,
Paraguay, and Argentina (see above). The Sea Island in-
dustry of the United States eventually collapsed under boll
weevil pressure by 1920 (Niles and Feaster, 1984), but the
Sea Island lineage contributed to the development of the
Egyptian cottons, which were later reintroduced into United
States as a part of the Pima genepool.

Gossypium hirsutum has a large indigenous range
encompassing most of Mesoamerica and the Caribbean,
where it exhibits a diverse array of morphological forms
spanning the wild-to-domesticated continuum. The oldest
archeobotanical remains are from the Tehuacan Valley of
Mexico, dating from 4000 to 5000 years B.P. (this estimate
should be considered tentative until additional stratigraph-
ic and carbon-14 dating information become available; P.
Fryxell and J. Vreeland, pers. comm.). A genetic survey of
over 500 accessions collected from throughout the range of
G. hirsutum reveals two centers of genetic diversity: south-
ern Mexico-Guatemala and the Caribbean (Wendel et al.,
1992). The Mesoamerican center of diversity corresponds
to the center of morphological diversity. Its correspondence
with the original geographic point of domestication sug-
gests that it may represent the primary center of diversity.
A high frequency of G. barbadense alleles in Caribbean G.
hirsutum suggests that the Caribbean represents a second-
ary center of diversity that developed as primitive G. hirsu-
tum cultivars spread into the Caribbean and hybridized with
G. barbadense.

The most likely site of original domestication is the
Yucatan peninsula in Mesoamerica (Brubaker and Wendel,
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1994). 1t is here that most wild forms of G. hirsutum, race
yucatanense, are found, and it is only here that G. hirsu-
tum is a dominant constituent of indigenous vegetation
(Standley, 1930; Hutchinson, 1951; Stephens, 1958; Sauer,
1967; Stewart, personal comm.). Race yucatanense is phy-
logenetically and phenetically allied with geographically
adjacent populations of race punctatum with which it in-
tergrades morphologically (Brubaker and Wendel, 1994).
Race punctatum can be nominated as the earliest domes-
ticated form of G. hirsutum. It is a sprawling perennial
shrub with agronomic characteristics that are intermediate
between the wild race yucatanense and other indigenous
forms that show greater evidence of human manipulation
(e.g., races latifolium and palmeri; Hutchinson, 1951). Its
morphological, genetic, and geographic association with
wild G. hirsutum populations is consistent with the infer-
ence of a progenitor-derivative relationship (Zohary and
Hopf, 1988).

Following its development, race punctatum was dis-
persed throughout the Yucatan peninsula and along the
Mexican gulf coast, reaching as far as Florida and some
of the Caribbean islands (Hutchinson, 1951). From these
original punctatum cultivars several localized derivatives
were developed: richmondi (south coast of the Isthmus of
Tehuantepec), morilli (central Mexico highlands), palmeri
(the Mexican States of Guerrero and Oaxaca), and latifo-
lium (Hutchinson, 1951). Race marie-galante, which is
widespread throughout southern Central America, northern
South America, and the Caribbean most likely arose from
some form of Mesoamerican G. hirsutum, but the details
have not been satisfactorily elucidated. The superior agro-
nomic characteristics of the southern Mexican-Guatemalan
latifolium cultivars resulted in a second diffusion that dis-
persed latifolium throughout Mesoamerica.

The development of the modern elite G. Airsutum cul-
tivars, or Upland cottons, started with the introduction of
various indigenous Caribbean and Mesoamerican cultivars,
including G. barbadense accessions (Ware, 1951; Ramey,
1966; Niles and Feaster, 1984; Meredith, 1991). From this
diverse genepool two categories of cultivars arose: “green-
seed” and “black seed”. As the textile industry in the United
States developed, however, these cultivars proved inad-
equate and from 1806 forward they were replaced in part
by cultivars developed from latifolium accessions collected
from the Mexican highlands (Niles and Feaster, 1984).
RFLP and allozyme evidence suggest that these Mexican
highland stocks were refined latifolium cultivars that had
been transported northward during some earlier, unknown
time from southern Mexico and Guatemala (Wendel et al.,
1992; Brubaker and Wendel, 1994). Further augmentation
of the modern Upland gene pool involved a series of ad-
ditional, deliberate introductions, beginning in the early
1900s in response to the devastation brought on by the boll
weevil. Eventually selection for locally adapted cultivars
led to the development of four basic categories of Upland
cultivars (Acala, Delta, Plains, Eastern), whose modern de-
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rivatives account for the majority of Upland cotton grown
worldwide (Niles and Feaster, 1984; Meredith, 1991).

6. SUMMARY

This chapter presents an overview of the diversity in
the cotton genus and summarizes recent contributions to
our understanding of its evolutionary development. An ap-
preciation of the taxonomic and phylogenetic relationships
in Gossypium provides the necessary underpinnings for un-
derstanding the physiology of the cultivated crop. Cotton
improvement programs have exploited diploid species for
genes for fiber strength, disease resistance, cytoplasmic
male sterility and fertility restoration, whereas genes for
disease resistance, nectariless, and glandless cotton have
been deliberately introduced from wild and feral tetraploids
(Meyer and Meyer, 1961; Meyer, 1974, 1975; Fryxell, 1976;
Bell, 1984a; Narayanan et al., 1984; Niles and Feaster,
1984; Meredith, 1991; Zhu and Li, 1993). These genetic
enhancements, involving intentional interspecific introgres-
sion from a minimum of two allopolyploid and four diploid
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Gossypium species, were obtained through classical genetic
and plant breeding approaches. Unfortunately , the wealth
of diversity has seen very little exploitation for physiologi-
cal traits. Further exploitation of wild Gossypium and more
phylogenetically distant sources of germplasm will employ
traditional methods (Stewart, 1994) as well as genetic en-
gineering. Understanding the relationships among species
and their evolutionary development will continue to provide
insights into the biology of cotton (Reinisch et al., 1994;
Wendel et al., 1995b; Brubaker ef al., 1999), which in turn
will increase the effectiveness of improvement efforts.
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1. INTRODUCTION

Any research that attempts to explain the mechanisms
responsible for a particular trait must use germplasm acces-
sions that differ in expression of the particular trait being
examined. The ideal situation is to select accessions that are
positive and negative for the trait, i.e., a plus-minus situa-
tion. In this way the researcher may look for responses as-
sociated with the positive accession that are absent from
the negative accession. This chapter presents information
concerning the locations of and diversity within the most
important germplasm collections and provides examples
where germplasm diversity has been used in research to
achieve specified objectives.

2. GERMPLASM COLLECTIONS

Most cotton producing countries have limited germ-
plasm collections which are readily available to the re-
searchers of that country. Several cotton germplasm banks
exist in the world, but the availability of the accessions are
generally quite limited, or knowledge of the diversity is
limited so that the end result is limited utilization of the ge-
netic resources that are available. In the past, breeding lines
of cotton tended to be informally exchanged by the scien-
tist, but with the entry of “biotech” cotton there has been in-
creased emphasis on “breeders’ rights,” and with increasing
acceptance of the “Cartagena Accord” (Grajal, 1999) the
flow of germplasm between countries, and even between
institutions within a country, has become quite restricted.
A few countries, by nature of the scientific enlightenment
of the political leaders and or scientists, have made germ-
plasm available to other countries, either through exchange
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agreements, or direct donations. (The major cotton germ-
plasm banks are discussed below.) Originally the FAO dealt
with international germplasm issues, but in the latter part of
the 20" century an independent organization, International
Plant Genetic Resources Institute (IPGRI), was spun off
from this organization and became the main organization to
promote germplasm in the world.

Although the IPGRI emphasizes food crops, it has des-
ignated the Gossypium collections in India and the US as the
world cotton germplasm collections. Theoretically the col-
lections are supposed to be duplicated at each site. But the
inclination and logistics must be in place for this to happen
in reality. The USDA collection, being close to the center of
origin of G. hirsutum (Mexico) has many unique accessions
of that species, whereas India has many more accessions
of G. arboreum. The two germplasm banks partially cor-
rected the imbalances by exchanging approximately 1000
accessions in the 1990°’s (i.e., G. hisutum accessions for G.
arboreum accessions).

2.1 The USDA Cotton Collection

The most complete cotton collection is maintained by
the USDA at College Station, TX. This is a public collec-
tion that represents most of the phenotypic diversity that
has been discovered in the world. The “cotton collection”
is actually a series of collections that include 1) obsolete
varieties, 2) Gossypium barbadense, 3) Texas race stock, 4)
Asiatic cotton, and 5) wild species. The original sources of
the germplasm in the collections have accumulated over the
years from planned collecting trips to various parts of the
world, from donations by individual collectors, and from
exchange of materials from other germplasm collections
throughout the world (Percival, 1987).
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In addition to the main Gossypium collection there
are two other collections that are maintained by individu-
als outside of the public collection maintained by USDA.
These are 1) the Genetic Marker collection of G. hirsutum
maintained by Dr. Russel Kohel of the USDA, ASR at
College Station, Texas and 2) the Cytogenetical collection
maintained by Dr. David Stelly of Texas A& M University,
College Station, TX. The former collection, as the name im-
plies, contains the various mutations and genetic markers of
G. hirsutum, while the latter contains the monosomic, telo-
somic, translocation, and duplication-deficiency stocks that
were developed primarily by J. Endrizzi at the University of
Arizona and the various cytogeneticists who have been in
charge of the Beasley Laboratory at Texas A&M University
since the 1940°s [i.e., M. Brown and student M. Menzel
(Florida State University), A. Edwards, and D. Stelly].

Accessions in the first five collections are freely avail-
able in lots of 25 seeds to all bona fide requesters. A bona
fide requester is a person with a legitimate reason for re-
questing the seed, such as a cotton breeder or other cotton
researcher. Usually the requester must request specific ac-
cessions rather than make a blanket request for a specific
trait, e.g., drought tolerance, since the curator of the collec-
tion does not have the responsibility to obtain this type of
information. The information that is available on each ac-
cession can be obtained through the Germplasm Resource
Information Network (GRIN) at http://www.ars-grin.gov/
npgs/searchgrin.html. Unfortunately the complete cotton
collection (particularly the later accessions acquired) has
yet to be entered into GRIN and evaluation data on many of
the accessions already in the GRIN system have not been
obtained. Evaluation data is considered to be the greatest
deficiency with the germplasm collections. Nevertheless,
the GRIN system is a good place to start when looking for
specific traits that may be present in the collection.

As the name implies, the wild species collection con-
tains many of the 45 known wild Gossypium species (3
AD tetraploid and 42 diploid species) including all of those
from the Western Hemisphere, the arid zone of Australia,
and many of the diploids from Africa and Southern Asia.
A few of the species of the E genomic group known to oc-
cur in the Horn of Africa have never been collected, and a
few species (K genome) from the north Kimberley region
of Western Australia apparently have been lost to the germ-
plasm bank.

The Asiatic cotton collection comprises the two diploid
cultivated cottons, G. herbaceum (A)) and G. arboreum
(A,). For the most part this collection contains cultivars of
the two species but it also contains accessions of wild rep-
resentatives of G. herbaceum ssp. africanum from South
Africa and Namibia. The wild populations of G. herbaceum
are known only for this species while no wild populations
of G. arboreum are known to exist.

The “race stock” collect is somewhat of a mis-nomer
because all G. hirsutum collected from any region of the
world goes into this collection. The race stock designations
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were created by Hutchinson (1951) (latifolium, punctatum,
marie galante, richmondi, palmeri, morilli, and yucata-
nense) based on plant types observed when all of the acces-
sions were grown in a common garden at Shambat, Sudan.
These are not taxonomic divisions and it is likely that no
one currently working with cotton can distinguish among
the various races. In the “race stock” collection a race des-
ignation is available only for the early entries. Most later
entries do not have a race designation. All accessions of
G. hirsutum collected from the Americas and various other
parts of the world in the last 30 years are included in this
collection.

The G. barbadense collection includes all accessions of
this species, including both the obsolete cultivars and the
wild and unimproved accessions from South America. This
collection comprises the original Arizona AS, B, and K col-
lections maintained by the USDA Pima breeding program
at Tempe, AZ, plus new accessions of G. barbadense that
have been obtained since the collections were moved from
Arizona to College Station, TX.

The Obsolete Cultivar collection, as the name implies,
comprises those accessions of G. hirsutum that were once
popular among growers but which are no longer cultivated,
being replaced by cultivars with increased yield or qual-
ity or both. This collection was originally maintained at
Stoneville, MS, but is now a part of the Gossypium collec-
tion at College Station, TX.

2.2 The India Cotton Collection

Indian scientists have conducted a number of expedi-
tions throughout India to collect the diploid Asiatic cottons
as well as the cultivated tetraploids. These expeditions have
resulted in a large collection of G. arboreum and G. her-
baceum. The curator of the US collection visited Nagpur,
India in 1993 and an agreement was reached to exchange
germplasm. Upon his return to the US the curator shipped
more than 2000 accessions of G. hirsutum to Nagpur.
He returned to Nagpur in 1996, and managed to acquire
1,147 accessions of mostly G. arboreum from the Indian
Collection (Hays, 1996). This acquisition more than tripled
the number of accessions available in the USDA Asiatic
cotton collection. At this time, the number of accessions in
the Indian collection is unknown, but a working figure of
approximately 3,000 accessions is a reasonable estimate.

2.3 The Uzbekistan Cotton Collection

The most famous plant collector in history is N.I
Vavilov. Through his efforts and students who followed
him, an extensive collection of cotton germplasm was ac-
quired from Central America and preserved at St. Petersburg
at the N.I. Vavilov Institute (VIR) with working collections
maintained primarily in Uzbekistan. With the dissolution
of the former Soviet Union the VIR Institute has struggled
financially to maintain the collection and has sent a num-
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ber of accessions to the US (Hays, 1996). The working col-
lections in Uzbekistan (maintained by the Uzbek Research
Institute of Plant Industry, and the Institute of Genetics and
Experimental Biology of Plants) have taken on more im-
portance because of the decline in VIR. Unfortunately, the
collections apparently are maintained by yearly growout,
so genetic drift and possible technical errors no doubt are
rampant in those collections. Nevertheless, valuable germ-
plasm is available in these collections (James Olvey, per-
sonal communication) including the four cultivated species
as well as diploid wild species and hybrids among these.
They support approximately 6,000 Gossypium accessions
(Hays, 1996).

2.4 The CIRAD Cotton Collection

The French have acquired much cotton germplasm
through formal collection efforts in the Americas and
through their efforts in former colonies in Africa and SE
Asia. This germplasm is maintained at Montpellier by
the Centre de coopération internationale en recherche
agronomique pour le développement (CIRAD) at 4C.
Accessions are increased by growout every 12 to 15 years.
For many years the French maintained a cotton nursery on
the island of Guadeloupe in the West Indies. According to
A.E. Percival (personal communication) the accessions are
suspect because of outcrossing, that is, the individual ac-
cessions were not maintained by controlled self-pollination.
In recent years, with movement of their nursery to Costa
Rica, the French have improved maintenance of the collec-
tion. Approximately 3,000 accessions are maintained in this
collection, which comprises the four cultivated species as
well as numerous accessions of the wild species. Through
contacts in Vietnam and Laos the CIRAD cotton collection
contains Asiatic cottons from outside of India that should
possess unique diversity. Since CIRAD’s main function is
to improve the agriculture of developing nations (especial-
ly the francophone countries of Africa) this germplasm is
readily available to those countries,

3 DIVERSITY WITHIN GOSSYPIUM

The germplasm available for cotton (G. hirsutum) was
placed into germplasm pools by Stewart (1995) based on
the ease with which one could expect to obtain introgres-
sion of a particular trait. The primary pool comprises all of
the tetraploid AD species, because they have the same ge-
nomic chromosome constituency and will form fertile hy-
brids with cotton. The secondary germplasm pool compris-
es the species of the A, F, B, and D genomes because these
are relatives of the ancestral parents that gave rise to the AD
genome. Once a fertile hybrid with cotton is obtained, one
can expect that recombination and gene transfer can occur.
The tertiary germplasm pool consists of the species in the
C, G, K, and E genomes. Because the chromosome of these

species are quite divergent from the A or D genomes, much
effort must be devoted to transferring a particular trait from
the wild diploid to the cultivated tetraploid. Even when a
fertile hybrid is obtained, recombination of genetic material
is difficult because of the divergence of the chromosomes.

3.1 The Primary Germplasm Pool

The primary germplasm pool consists of all the acces-
sions in the Obsolete Cultivar collection, Texas Race Stock
collection, the G. barbadense collection, and the three tetra-
ploid species (G. tomentosum, G. mustelinum, and G. dar-
winii) in the Wild Gossypium Collection (Stewart, 1995).
Although these collections have not been thoroughly char-
acterized, obviously there is extensive diversity within the
primary germplasm pool.

For breeders whose charge is to develop cultivars, the
first choice of germplasm is that which will introduce the
fewest deleterious genes. In most cases this will be elite
breeding lines and obsolete cultivars since most deleteri-
ous genes have already been eliminated. This is an essential
component for the breeder where the pressure is to develop a
cultivar rapidly. Because of the pressure to release cultivars
felt by most cotton breeders, there is obviously a niche and
need for pre-breeders, that is, individuals who will enhance
exotic germplasm to the point that a cotton breeder can uti-
lize the germplasm directly in his/her breeding program.

If the desired trait is not in the germplasm of first choice,
subsequent choices in order of acceptability would be ac-
cessions of the Race Stock Collection, the G. barbadense
Collection, then the wild tetraploid species. Each of these
germplasm resources present special problems that must be
over come. For the race stocks if the breeder is develop-
ing cultivars for a temperate zone, the problem of photo-
periodicity must be overcome, and deleterious genes must
be eliminated in subsequent generations. Crosses between
G. hirsutum and G. barbadense are notorious for genetic
“breakdown” in the F2 (Stephens, 1950b; Phillips, 1961)
and beyond generations and recovery of plants that look
like one or the other parents with few intermediates. To
transfer a trait from an AD, plant to an AD, plant requires
a large population of plants from which to make selections.
Utilization of the three wild tetraploids presents the prob-
lem of photoperiodicity and numerous deleterious genes.
The question of F2 breakdown has not been specifically
addressed with the wild species, but based on the phyloge-
netic relationships among the species (Wendel and Albert,
1992), such breakdown would be expected in AD, X AD;
hybrids but not necessarily in AD, x AD, hybrids. In the
absence of data, any F, breakdown in AD, x AD, hybrids
would only be speculative.

3.2 The Secondary Germplasm Pool

The secondary germplasm pool comprises the A-ge-
nome cottons of the Asiatic collection, the D-genome spe-
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cies of the Americas, and the species in the B and F genomes
of Africa (Stewart, 1995). The two Asiatic species chromo-
somes are closely related to the A subgenome chromosomes
of the tetraploid species so that recombination in hybrids
occurs readily. Although the diploid species of the Americas
all belong to the D genome and their chromosomes have
reasonably close homoeology with the D subgenome of the
tetraploids, some divergence has occurred. Nevertheless ,
the degree of divergence does not prevent them from es-
tablishing fertile trispecies hybrids with cotton. Exceptions
to this are the species G. davidsonii and G. klotzschianum
which possess complementary lethal genes with many other
Gossypium species. However, these two species will form
viable hybrids with G. anomalum of the B genome. The
B- and F-genome chromosomes are closely related to the
A-genome chromosomes (Phillips and Strickland, 1966)
and can substitute for these in interspecific hybrids with D-
genome species. Stewart (1995) suggested that any of the
species in the secondary germplasm pool can recombine
genetically with upland cotton if it is incorporated into a
fertile synthetic allotetraploid bridge combination and then
crossed with cotton. This concept has been proven with G.
herbaceum, G. arboreum, G. anomalum, G. armourianum,
and G. trilobum (Stewart, personal communication).

33 The Tertiary Germplasm Pool

The tertiary germplasm pool consists of the species in
the C, G, and K genomes of Australia and the E genome
of Africa and Southern Asia. Although some of the spe-
cies form hybrids easily, generally the genes residing in
this germplasm pool are difficult to transfer to G. hirsutum
because of the divergence that has occurred among the ho-
moeologous chromosomes. This germplasm pool is usually
utilized only when a trait is unavailable in the primary or
secondary germplasm pools.

4. DIVERSITY IN THE
GERMPLASM COLLECTIONS

The genetic diversity within a germplasm pool may be
a morphological trait of interest, in which case it may be in-
trogressed into cotton via hybridization and selection using
a visual screen. An example of this would be the nectari-
less trait of G. tomentosum (Meyer and Meredith, 1978).
Alternatively, the trait may be visually unseen and require
a more extensive selection method, for example a chemical
test. The terpenoid aldehyde, raimondal (Stipanovic et al.,
1980), provides an excellent example of this type of trait.
The technology exists now for traits to be associated with
molecular markers so that selections can be made based
on the marker rather than a phenotypic trait. This would
be particularly useful when the screen for the trait is time
consuming and laborious. As an example, current screens
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for reniform nematode resistance require a minimum of 60
days and do not provide the precision required to make sin-
gle plant selections in a segregating population. For a prac-
tical breeding program a molecular marker closely linked to
the trait is essential before the trait will be utilized.

Based on the habitat of the wild species (or on particular
morphological traits observed to be in the wild germplasm)
one can surmise that a particular trait of interest might be
present in the germplasm. The primary germplasm pool
would be expected to have a high degree of salt tolerance
because their original mode of dispersal to various parts of
the world appears to have been by ocean currents (Fryxell,
1979). Certainly, G. tomentosum and G. darwinii, endemic
to the Hawaiian and Galapagos Islands, respectively, would
have been distributed to those islands by ocean currents.
Cotton is considered to be relatively salt tolerant, but some
genotypes are more salt-resistant than others. This has al-
lowed a number of comparative tests to be conducted
(Gossett et al., 1994a, 1994b; Ashraf and Ahmad, 2000) on
the nature of the tolerance.

Another example where one might infer tolerance to
water deficit would be in G. anomalum and G. davidsonii,
both endemic to relatively dry areas and both with broad
leaf structure (Fryxell, 1979). One could speculate that a
hybrid of these two species should provide a good source
of genes for physiological drought tolerance (as opposed
to morphological tolerance). The hybrid of these two spe-
cies, when the chromosomes are doubled in number (2 DB),
should be compatible with an upland cotton possessing a
D3-d compatibility gene from AD,, e.g., Paymaster 464.

In any physiological test for a specific feature where a
number of genotypes are examined one intuitively recog-
nizes that diversity is necessary to draw a conclusion con-
cerning the feature. Several cotton fiber mutants (Nadarajan
and Rangasamy, 1988; Narbuth and Kohel, 1990; Kohel
and McMichael, 1990; Ruan and Chourey, 1998) have been
used (for example, see Triplett, 1989, 1990) and are es-
sential to draw conclusions concerning fiber development.
Other mutations that may be useful in physiological work
include okra leaf, frego bract, and smooth leaf, all traits that
impart non-preference insect resistance to cotton (Wilson
and George, 1982).

Diversity in cotton germplasm has proven to be useful
in physiological work, especial in relation to water-deficit
stress tolerance. Scientists at the Plant Stress Laboratory
in Lubbock, TX, examined several accessions in the pri-
mary germplasm pool for tolerance to water-deficit stress
(Quisenberry et al., 1981; Rosenow et al., 1983) and pub-
lished methods to assess tolerance (Quisenberry et al., 1982,
Quisenberry and McMichael, 1982; Gausman ef al., 1984,
Quisenberry and McMichael, 1991). Leidi ef al. (1999) used
8-13C discrimination to select for drought tolerance among
more than 20 genotypes of G. hirsutum cultivars from
around the world. Other physiologists have sought corre-
lations between drought tolerance and other physiological
traits (Hampton et al., 1987). Rooting potential of different
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types of germplasm has also received attention (McMichael
et al., 1985; Oosterhuis et al., 1988; McMichael and
Quisenberry, 1991; Quisenberry and McMichael, 1996). In
addition to the roots of different germplasm accessions, the
crop canopy relative to leaf shape also has received much
attention from physiologists. Parameters such as leaf mor-
phology (Wells et al., 1986; Heitholt and Meredith, 1998),
water relations (Karami et al., 1980), temperature (Hatfield
et al., 1987), and photosynthesis (Rosenthal and Gerik,
1991; Quisenberry et al., 1994) have been compared among
different genotypes of cotton.

Tolerance to water-deficit is often correlated to tolerance
to heat stress, so screens of germplasm for tolerance to heat
have also been conducted. Often heat tolerance is related to
stomatal conductance (Lu ef al., 1997, 1998; Radin et al.,
1994). Most of the work on tolerance to low temperature
was done in the middle of the 20™ century, but some screens
were done in the last part of the 20" century. For example,
Bradow (1991) examined three cultvars and found that one
developed on the High Plains of Texas was more tolerant to
low temperature at germination than Delta cultivars.

A number of specific traits have been identified as being
limited to a species or a few species that would be useful
if transferred to upland cotton. Specific examples include
reniform nematode resistance from G. longicalyx (F,) (Yik
and Birchfield, 1984) or from G. arboreum and G. herba-
ceum (Stewart and Robbins, 1996). Also, the leaf content
of terpenoid aldehydes (TA) differs both qualitatively and
quantitatively among Gossypium species (Magboul et al.,
1978; Khan et al., 1999). The TA, raimondal, is found only
in G. raimondii (Stipanovic et al., 1980). Another species-
specific expression is the glandless seed trait of the C- and
G-genome species of the arid zone of Australia. The closely
related K-genome species have lysigenous glands in the
seeds (Brubaker, 1996).

The distribution pattern of TAs seems to be related to
the area from which the accessions being examined were
collected. This suggests that the TA sequestered in the
leaves of each species is the one that is most effective
against the predominant insect herbivore of the area. For
example, all species from Baja California accumulate gos-
sypol also exclusively, whereas G. hirsutum (and species
endemic to other areas) has only a low level of this TA in
the leaves. Most of the leaf TAs in G. hirsutum are the he-
liocides (Khan ef al., 1999), where as the TA in the embryo
is almost exclusively gossypol. The TAs are sequestered in
the lysigenous glands that are characteristic of the genus
(Fryxell, 1979). Diversity exists among the species in the
size and occurrence of the glands and considerable com-
parative work as been done on the diversity. Generally the
higher the number of glands the more TA the plant will ac-

cumulate (McCarty et al., 1996). High TA content is cor-
related to resistance to herbivorous insects (Parrott et al.,
1989; Vilkova et al., 1989; Percy et al., 1996).

In addition to the traits discussed above, diversity
among cotton genotypes has been observed for numerous
other traits that might be useful in physiological studies,
including trichome number (Navasero and Ramaswamy,
1991), interaction with Agrobacterium (Velten et al., 1998),
semigamy expression (Stelley, 1992), regeneration ability
(see Chapter 33), earliness (Godoy and Palomo, 1999), her-
bicide tolerance (Molin and Khan, 1996), and the response
to insects (Rummel and Quisenberry, 1979; Mehetre and
Thombe, 1982).

Most of the diversity screens have involved the culti-
vated cottons and most involve only accessions of G. hir-
sutum. Obviously there is tremendous morphological diver-
sity within the wild germplasm. From this one can assume
that the same level of diversity exists for less visible traits
such as pest resistance. Totally unknown is the amount of
diversity that may be present within a wild species since
most screens that include a wild species usually include
only one accession as representing the species.

5. SUMMARY

The largest cotton germplasm collection in the world is
maintained by the US Department of Agriculture at College
Station, TX. Accessions for which seeds are available are
distributed at no cost to any bona fide person making a re-
quest. Other sizable germplasm collections are maintained
in India, Uzbekistan, and France. Smaller collections are
maintained in most cotton- growing countries, or at cot-
ton research institutions within a country, but the purity of
line and pertinent passport data is often suspect. For cotton
(Gossypium hirsutum) improvement, the available germ-
plasm can be grouped into 1°, 2°, and 3° pools based on
the level of expectation that recombination will occur in F,
hybrids. For cotton there is extensive diversity available in
the primary and secondary pools, but generally pre-breed-
ing is necessary to enhance the germplasm to the point that
a breeder can utilize it for cotton improvement. Although
there are numerous potentially useful traits in the tertiary
germplasm pool, a pre-breeder can devote several years to
capturing one trait. With molecular markers, it may be pos-
sible to more efficiently transfer traits from the germplasm
pools to cotton. Diversity in trait express is available in al-
most all screens than have utilized germplasm accessions.
For many tests the diverse genotypes are selected to provide
a range of responses (e.g., okra leaf vs. normal leaf).



CHAPTER 3

MORPHOLOGICAL ALTERATIONS IN RESPONSE TO
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1. INTRODUCTION

The morphology of the cotton plant serves two main
functions. The first is that it provides photosynthate sources
(i.e., leaves) and sinks (i.e., squares, flowers, and bolls).
The second function is the plant superstructure (i.e., roots,
stems, branches, petioles) upon which the sources and
sinks reside, and through which they are interconnected
via vascular tissues. Excellent reviews of the morphology
of the cotton plant have been published earlier by numer-
ous authors, including Mauney (1984) and Oosterhuis and
Jernstedt (1999).

Cotton has no theoretical limit to plant development
due to its indeterminate growth habit (Hearn and Constable,
1984). Plant stature, however, will be determined via the
interaction of genotype and environment. Production of
both leaves and fruiting sites is necessarily tied together
with the production of each new main-stem node. Fruiting
will continue until active boll load equals the supply of as-
similate produced by photosynthesis (Guinn, 1985). The
demand for assimilates by reproductive growth increases
exponentially, while the increase in assimilate supply rises
asymptotically (Hearn, 1995). The result is a continual in-
crease in proportional assimilate demand by the fruit and a
slowing and eventual cessation of vegetative morphologi-
cal development.

The rate of nodal development is largely dependent
on temperature, however, it is important to recognize that
any limiting factor (i.e., water, light, nitrogen) can deter-
mine the ultimate growth potential and final stature of the
plant. A theory proposed well over a century ago by Liebig
(Carter, 1980) addresses this phenomenon. He proposed
that ‘The yield of a crop is limited by the plant nutrient ele-
ment present in the smallest quantity relative to the crop's
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requirements, all other being present in adequate amounts’.
While this principle was originally directed towards nutri-
ent supply, it also applies to any crop growth requirement.
If all crop requirements are present in the environment in
non-limiting supply except, for example, water, growth and
yield will be determined by water supply. If irrigation is
available and moisture deficits are removed, the next most
limiting growth factor will determine maximal yielding
potential. While this premise is a very simplistic view of
a rather complex situation, it helps one recognize the im-
portance of environmental factors and their manipulation
through management decisions in determining growth and
development of a crop. Furthermore, crop managers can
control or influence some environmental requirements for
plant growth, including water, nutrition, pH, soil tilth, and
pest control. On the other hand, little or no control is ex-
ercised over other factors, such as temperature and light.
Regardless, an understanding of how these many factors
influence plant growth is important if future yield advances
are to be realized.

The following discussion will examine how, and to what
extent, environmental and crop managerial factors influence
plant growth and development, with emphasis given to the
attainment of plant stature. Genetic control of leaf and plant
morphology will be addressed where appropriate.

2. EARLY GROWTH EVENTS

2.1 Leaf Area, Light Interception, and

the Compound Interest Law

The ability to intercept light is one of, if not the most,
important factor determining growth of plants prior to sig-
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nificant inter-plant competition. Therefore, leaf area de-
velopment is a critical determinant of plant growth (Potter
and Jones, 1977). Muramoto et al. (1965) reported that the
rate of leaf area development among cotton genotypes was
directly associated with differences in dry matter produc-
tion. Relative leaf area growth rates (RLAGR) ranged from
a high of 0.12 cm?/cm?/d for a interspecific hybrid versus
0.10 cm?*/cm?d for the mid-parent mean. Concurrently, the
respective plant dry weights of the hybrid and the mid-par-
ent mean were 69 and 21 g/plant. Leaf photosynthetic rates
did not exhibit significant differences, thereby implying
that the greater leaf area growth rate of the hybrid was al-
lowing greater light interception per plant. In another study,
intraspecific hybrids possessed greater leaf area due to a
greater RLAGR than observed in their parents (Wells and
Meredith, 1986a). There was a linear relationship between
RLAGR and relative growth rate in both the hybrids and
their parents (Fig. 3-1).

Greater early growth will provide a greater base upon
which further growth will depend. Blackman (1919) stated
that growth of a plant is more nearly approximated by mon-
ey growth at compound interest which is added continu-
ously. The equation proposed is referred to today as relative
growth rate (RGR) and is calculated as follows

RGR = [In W,- In w, ]/t (3.1)
where W, is the initial dry weight, W, is the dry weight
after the growth period in question, RGR is relative growth
rate, and t is the growth period examined, usually in days.
Essentially, growth will be dependent on the rate of accu-
mulation, how much plant mass was there initially, and the
duration of growth. For this reason, even if RGR is similar
between treatments, the advantage of a larger plant at an
earlier point in ontogeny will be maintained. This response
can also be important if leaf area is mutually affected by
generalized growth responses, thus resulting in greater light
interception.

Intraspecific hybrids were found to have greater leaf
area per plant and correspondingly greater rates of photo-
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Figure 3.1. Relationship of relative growth
rate (RGR) to relative leaf area growth rate (RLAGR)
during vegetative growth of hybrids and their
parents (adapted from Wells and Meredith, 1986).
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synthesis per plant prior to heightened plant-to-plant com-
petition, characteristic of plants which are large enough to
mutually shade their neighbors (Wells et al., 1988). By ear-
ly reproductive growth, the advantage of greater leaf area
per plant is abated as critical leaf area indices (LAI) are
approached, indicating that light interception is no longer
a limiting factor. By definition, a critical LAI is one which
intercepts 95% of available PAR (photosynthetically active
radiation, 400-700 nm wavelengths). Critical LAI for cot-
ton is approximately 3 m? leaves/m? ground (Hearn, 1969b;
Ludwig et al., 1965), although leaf areas in excess of criti-
cal levels approaching 6 and higher have been reported
(Hearn and Constable, 1984; Wells and Meredith, 1984a). It
is impossible for a plant canopy which does not close “over
the middles” to reach its maximal growth potential because
interception of solar radiation will not be maximized.

Cotton leaves are generally heliotropic. Lang (1973) re-
ported that cotton leaves turn throughout the day to stay at a
more perpendicular angle to the incoming solar radiation. By
turning, the cotton leaves intercept a greater intensity of ra-
diation as explained by Lambert’s Cosine Law which states:

[=1 Cos 0 (3.2)
where 1 is the realized radiation flux density, I is the flux
density on a surface that is perpendicular to the beam, and
0 is the angle that the actual beam is from perpendicular
(Jones, 1992).

Genotypes possessing okra and super-okra leaf mor-
phologies have lower LAI values than their normal leaf
isogeneic counterparts (Wells et al., 1986). This trait can
lead to reduced light intercepting capacity and canopy
photosynthetic rates when growth conditions are limiting
to canopy development and canopy closure is not reached.
On the other hand, increased PAR penetration to lower
canopy leaves could greatly increase their photosynthetic
contribution to the total assimilate supply (Guinn, 1974).
Heitholt ez al., (1992) found that okra-leaf cotton increased
its PAR interception in narrow row (0.5 m) when compared
with wide row (1.0 m) spacing. Furthermore, optimal plant
density was greater for okra-leaf cotton than normal-leaf
(Heitholt, 1994a). Okra-leaf canopies required a LAI of 4-5
to reach 95% PAR interception. There are also reduced lev-
els of boll disease in closed okra-leaf canopies as compared
to normal leaf, apparently due to increased air movement in
the canopy (Andries ef al., 1969). As suggested by Cothren
(1994), the challenge is reaching a balance between light
interception capability by the canopy, greater air movement
at deeper canopy strata, and increased light penetration to
leaves which would otherwise be shaded, or nearly so.

Modern cultivars have smaller plant canopies than
their ancestors (Wells and Meredith, 1984a). This observa-
tion may reflect an earlier transition into reproductive de-
velopment and, subsequently, an earlier cessation of new
vegetative growth related to cutout (cessation of new veg-
etative and reproductive growth). Modern cultivars also
possess larger reproductive-to-vegetative dry weight ratios
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throughout reproductive development. Canopies larger than
that required for maximal light interception may represent a
poor expenditure of growth resources when increased fiber
production is the objective.

2.2 Plant Stature and Plant Population

Density

Stature of the cotton plant’s superstructure is dependent
on three factors: 1) main-stem height, 2) number and length
of vegetative branches, and 3) the number and length of
reproductive branches. Before reproductive development,
plant height is positively associated with the plant popula-
tion density (Buxton ef al., 1977; Leffler, 1983). Buxton et
al. (1977) reported that cotton plants grown in populations
of 21 and 14 plants/m? were 30 and 15% taller than plants
grown in a population of 7 plants/m? at 49 days after plant-
ing (DAP). As the plants grow larger, however, reciprocal
associations between plant height and plant population are
evident. Fowler and Ray (1977) found that individual plant
stature, measured as mature plant dry weight, plant height,
main-stem node number, vegetative branch number, repro-
ductive branch number, and leaf area per plant increased
as the equidistant plant spacing increased in two cultivars.
‘Paymaster 101 A’ grown at plant spacings of 51 cm had
a plant height, stem diameter, and main-stem node num-
ber that was 21, 73, and 31% greater than plants grown at
13 cm spacings. The greater stature on a per-plant basis of
expression may reflect the later maturity of plants grown
in reduced plant populations. When grown at 2 plants/m?,
there was an average delay of 16 days in peak flower pro-
duction when compared to a population of 12 plants/m?
over two years (Jones and Wells, 1997). Later maturity, and
subsequently later cutout, would lead to continued vegeta-
tive development in more widely spaced plants and larger
plants would result. This expectation is supported by the
production of a greater number of main-stem nodes in re-
sponse to wider plant spacings (Buxton et al., 1977; Jones
and Wells, 1997).

The stature of the plant community is reduced in low
plant population densities, indicating that the increased size
of the individual plants will not compensate for populations
reduced beyond a particular critical plant density (Fowler
and Ray, 1977; Jones and Wells, 1997). Fowler and Ray
(1977) reported LAI of 5.4, 4.0, 3.0, 2.5, and 1.8 m? leaves/
m? ground at 80 DAP for plants with equidistant spacings of
13, 18, 25, 36, and 51 cm, respectively. Based on a critical
LAI (LAI required to reach 95% PAR interception) of ap-
proximately three, the two smallest plant populations would
be unable to fully intercept available light (Ludwig et al.,
1965). Furthermore, dry weight of stems, leaves, reproduc-
tive branches, and the total plant per unit ground area all
declined as the spacing between plants increased.

Wells and Stewart

2.3 Ultra-Narrow Row Cotton

Due to rising production costs and static or declin-
ing cotton prices, alternative methods of producing cotton
more economically are always being investigated. One po-
tential method involves ultra-narrow row cotton (UNRC)
in which cotton is grown in drastically reduced row spac-
ings (<25 cm) and high plant populations. Equipment costs
in UNRC are reduced compared to conventional systems
primarily because the crop is harvested using a finger strip-
per instead of a more expensive spindle-picker. Early re-
search into the UNRC system demonstrated the potential
for increasing earliness and yield compared with wide-
row cotton (Hawkins and Peacock, 1973; Lewis, 1971).
However, UNRC was not a practical alternative to wide-
row cotton for producers because of challenges in weed
control. The UNRC system does not allow the use of cul-
tivation or post-directed herbicide options for weed con-
trol. The advent of the over-the-top broadleaf herbicide
pyrthiobac {sodium salt of 2-chloro-6-[(4,6-dimthoxy-2-
pyrimidinyl)thio]benzoic acid}, and transgenic cottons
tolerant of glyphosate [N-(phosphonomethyl)glycine] and
bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) have en-
abled weeds to be controlled adequately in the UNRC system
(Culpepper and York, 2000). Thus, there is renewed interest
in UNRC.

Plant density in UNRC is markedly increased compared
with wide-rows and cotton plants exhibit morphological
differences in the two systems. Increasing plant population
results in earlier peak flower production, and thus earlier
maturity (Jones and Wells, 1997). Cawley (1999) found
populations of 34.7 plants/m? in 19-cm rows resulted in
peak bloom occurring 11 days earlier than a population of
11.3 plants/m? in 97-cm rows. Cotton plants grown in wide
rows have been shown to be taller when plant density is
increased from 7 to 14 to 21 plants/m?. However, Jost and
Cothren (2000) noted that decreasing row width from 76-
to 19-cm with populations of 13.1 to 13.6 and 39.4 to 45.8
plants m?, respectively, resulted in a 17% reduction in final
plant height and a 14% reduction in main-stem nodes. This
reduction in plant stature can be attributed to earlier fruit-
set and maturity in UNRC which would decrease the as-
similate supply available for nodal development and stem
elongation compared to wide-row cotton.

UNRC results in more first-position bolls and more bolls
set on lower nodes than wide-row cotton (Jost and Cothren,
2000). Jost and Cothren (2000) noted that the number of
bolls per plant decreased from 6.5 to 3.1 when row spacing
was reduced from 76 to 19 cm. However, yields were equal
between the two row spacings in a wet year and increased in
19-cm rows in a dry year (Jost and Cothren, 2000). Cawley
(1999), Gerik et al.(1998), Gwathmey et al. (1999), and
Kerby (1998) have reported lint yields in UNRC to be equal
to or greater than wide-row production.
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24 Light Spectral Balance and Plant

Morphology

As seen in the preceding section, plants can perceive
their spatial environment sufficiently to alter their growth
patterns in three dimensions. How do plants succeed in do-
ing so and with considerable sensitivity?

Kasperbauer (1971, 1988) concluded that plants per-
ceived their spatial environment through red to far-red light
ratios (R/FR) via the phytochrome system. Phytochrome
is a chromoprotein whose form is modified by red (R)
and far-red (FR) signals (Sage, 1992). The two forms, Pfr
and Pr, are photo-convertible and can be measured using
spectrophotometric techniques (Fig. 3-2). The proportion
of total phytochrome (P ) existing as Pfr, the biologi-
cally active form of phytochrome, is a function of R/FR
ratio. Greater R/FR ratios produce higher amounts of Pfr.
Ballaré et al. (1989), using fiber optic probes inserted into
the stems of Datura ferox L. seedlings, found a negative
linear relationship between the estimated Pfi/P__ inside the
stem and the final internode length. These changes were in-
duced in plant spacings too sparse to cause mutual shading
between plants. Similarly, plants growing in full sunlight
and exposed low supplemental amounts of FR modified
their morphology accordingly. Greater proportions of FR
induced greater internode elongation rates in Chinese thor-
napple (Datura ferox L.), mustard (Sinapis alba L.), and
lambsquarters (Chenopodium album) seedlings (Ballaré et
al.,, 1987). Smith et al. (1990) used artificial canopies of
mustard and tobacco (Nicotiana tabacum L.) to measure
spectral distributions, R/FR ratios, and phytochrome pho-
toequilibria (Pfi/P, ) at various distances away. The R/FR
and Pfi/P_ showed increases as one moved away from the
artificial canopies up to 20 to 30 cm away (Fig. 3-3). The
smoothness of these curves, the authors point out, indicates
that plants may not only detect the presence of neighboring
plants but also their proximity. Many plant species appear
to have the capacity to alter their morphological develop-
ment in response to physical changes in their surroundings,
even before a direct shading effect is realized.

S-peptide

fr-light

S-peptide

Figure 3.2. Structures of red (P ) and far-red (P,)
absorbing forms of phytochrome (adapted from Sage, 1992)
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Figure 3.3. Red:far-red ratio (A) and Pfi/Ptotal (B)
as a function of the distance from an artificial canopy
of tobbaco. Spectroradiometer sensor was held at a
180° angle to the solar beam for the R:FR ratio measure-
ments. Phytochrome cuvette was placed at a 0° angle to the
solar beam for 15 min (adapted from Smith et al., 1990).

Cotton plants exhibited similar alterations in morphol-
ogy as the light spectral quality was changed through use of
different colored mulches and soils (Kasperbauer and Hunt,
1992). Reduced flux of upwardly directed R/FR caused
longer stems, leaves with lower specific leaf weight, less
root dry matter allocation, and greater shoot/root dry weight
ratio. Shoot lengths were 40 and 31% longer when grown
with green and red mulches when compared with white
mulch. Similarly, responses to different soil colors were
similar to variations induced by mulch color.

Taller young cotton plants in response to larger plant
population densities (Buxton et al., 1977; Leffler, 1983) are
consistent with the observations of Kasperbauer and Hunt
(1992). Higher plant population densities exhibit lower R/
FR due to a higher proportion of reflected and transmitted
light caused by the closer proximity of neighboring plants.
The failure of these high population plants to exhibit taller
plants later in the season may be an indication of the earlier
maturity of plants in high population densities as compared
with more widely spaced plants (Jones and Wells, 1997).
Earlier dry matter allocation into reproductive organs in
high plant populations would decrease the assimilate sup-
ply available for further nodal development, thus causing
stem elongation to cease.
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3. TEMPERATURE
3.1 Temperature and Plant Development

Temperature is the paramount environmental factor
which influences cotton growth. Temperature effects dur-
ing germination have been studied intensively and reviews
of germination and temperature have been completed by
Gipson (1986) and Christensen and Rowland (1986). This
section will not attempt to address temperature’s effect on
germination and subsequent seedling growth. Instead, this
section will address vegetative development, plant stature,
and temporal relationships as influenced by temperature
differentials during growth.

Days between growth events (i.e., appearance of
leaves, floral buds, and flowers) are decreased as average
growth temperature is increased from 13 to 30°C (17/11
and 32/29°C day/night temperature regimes)(Hesketh
et al, 1972). Reddy et al. (1992) examined early growth
(through 56 days after emergence) at five temperature re-
gimes in growth chamber studies ranging from 20/12 to
40/32°C. The greatest stem elongation, leaf area expansion,
and dry weight accumulation occurred at 30/22°C, with less
growth at both lower and higher temperature regimes. The
leaf area per plant at 30/22°C was approximately 530, 67,
26, and 88% greater than found at 20/12, 25/17, 35/27, and
40/32°C, respectively. The accumulation of biomass was
similar with the 30/22°C treatment having approximately
550, 76, 11, and 95% greater mass per plant than found at
the same respective temperatures. Moraghan et al. (1968)
observed that leaf area per plant at squaring was small for
plants developing at low night and day temperatures, low
night temperatures, and if low night temperatures were im-
posed only during seedling growth.

Few field studies of high temperature stress response in
cotton exist due to the variable and inconsistent nature of
temperatures in the field. Vegetative growth in field situa-
tions is seldom inhibited by high temperatures as evidenced
by positive relationships between heat unit accumulation and
time between growth events (Guthrie, 1991; Young et al.,
1980). Reproductive development, however, can be nega-
tively impacted by high temperatures. Meyer (1969) found
the flower sterility was increased by maximum daily temper-
atures above 38°C, occurring 15 to 16 days before flowering.
Taha et al. (1981) found genotypic differences in anther de-
hiscence in response to high temperatures. Over three dates
in July, genotype ST3 had only 7% non-dehiscent anthers,
while 83 % were non-dehiscent for genotype B557. ST3 de-
veloped bolls from over 28% of its flowers in response to
high temperatures. In contrast, genotype B557 matured only
11% of its flowers into bolls. Average maximum tempera-
tures during the period of May through August ranged from
32.9 to 42.7°C. These losses of fruiting forms can have large
responses in vegetative growth through compensatory plant
growth resulting from continued production of reproductive
structures and delayed crop maturity (Sadras, 1995).
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Rooting depth increases are also related to the rate of
soil warming (Bland, 1993). Downward root extension
rates were greatest (1.7 cm/d) when the entire soil pro-
file was warmed in a manner similar to the near-surface
soil segment. In contrast, when the sub-soil regions were
warmed more like normal cotton-growing soil profiles, the
growth rates were 1.4 cm/d. An even slower warming soil
profile pattern resulted in root extension rate of 0.7 cm/d.
McMichael and Burke (1994) found a lower root metabolic
(2,3,5-triphenyltetrazolium reduction) sensitivity to tem-
perature changes during early seedling development, pre-
sumedly related to period of seed reserve remobilization.
After seed reserves were depleted, the range of metabolic
sensitivity increased. Hydraulic conductivity decreases in
roots as soil temperatures decline (Bolger et al., 1992).
Conductance at 20, 18, and 7°C was 57, 43, and 18 % of
that seen at 30°C. No acclimation to an 18°C root zone tem-
perature was observed.

The number of fruiting sites increased linearly as the
temperature increased to 40/32°C, however, the retention
of squares and bolls was maximal at the 30/22°C temper-
ature (Reddy et al., 1991). This response is indicative of
the repressive effect of high temperatures, especially high
night temperatures, on reproductive development (Gipson
and Joham, 1968; Reddy et al., 1991). Mauney (1966)
reported that the lowest main-stem node of the first floral
branch was found when warm day temperatures (28 to
32°C) were combined with cool night temperatures (20
to 22°C). Initiation and timing of anthesis were affected
in a more complex manner since vegetative growth rates
were also affected by temperature differences (Hesketh et
al., 1972; Mauney, 1966). Anthesis was delayed by high
day temperatures when night temperatures were also high.
Delays in floral initiation due to high night temperatures
were somewhat abated by low day temperatures, but not
completely. In terms of management concerns, moderate to
warm temperatures would be favorable during vegetative
growth, however, extreme temperatures during reproduc-
tive development can greatly reduce fruiting potential.

Effects of temperature on plant growth have been ex-
pressed in biochemical terms through the concept of thermal
kinetic windows (TKW) (Burke et al., 1988). The TKW is
the range of temperatures within which the Michaelis con-
stant, K _, is at or below 200% of the maximal observed rate.
For example, the activity of glyoxylate reductase exhibits a
TKW that is 23.5 to 32°C. The relation between biomass
production and the growth time within the TKW is linear.
The proposed existence of TKW, with a mid-point of 27.5,
was further developed via the use of the crop-specific bio-
chemical temperature optimum as the baseline for a thermal
stress index (TSI). The TSI was calculated as follows: TSI
=[(T>T,)-T,I/T,, where T, = temperature of the foliage and
T, = temperature of the baseline which has been determined
through biochemical experimentation (Burke et al., 1990).
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3.2 Planting Date and Growth

Plant growth is greatly influenced by variable dates of
planting. Normal and okra-leaf genotypes were planted one
month apart, 27 April and 27 May (Wells and Meredith,
1986b). By approximately 70 DAP, the plants sown at 27
May had accumulated approximately three times the total
dry weight than plants sown on 27 April. Similarly, a study
that examined genotypes at an optimal (26 April) and a lat-
er (12 May) planting date found that plants sown in April
had less than 80% of the maximum dry weight found in
the later planting (Wells and Meredith, 1984a). In addition,
planting a month after the optimum date resulted in a peak
white flower production that was over three weeks earlier
(relative to the date of planting) than found in the late April
planting (Wells and Meredith, 1986b).

Many of these differences in growth and development
are attributable to greater cumulative heat units in response
to later planting dates. In North Carolina, Guthrie (1991)
found heat units (15.6°C base) during the first five days af-
ter planting were over 200% greater in response to plant-
ing during late May as opposed to early May in one year.
Similarly, Young et al.(1980) found that the number of
days from planting to squaring dropped from 74 to 50 as
the date of planting was changed from 1 April to 27 May.
Heat units (12.8°C base) accumulated over this period was
31% greater in response to the late planting. Intermediate
dates of planting displayed temporal and heat unit differ-
ences that were consistent with the trends of the extremes.
Despite the greater vegetative growth associated with later
planting dates, planting considerably later than the optimal
date for a region will often result in decreased fiber yields
(Guthrie, 1991; Wells and Meredith, 1984b).

4. WATER

4.1 Water Deficits

Water relations in plants is an extremely complex sub-
ject and certainly greater than the scope of the present dis-
cussion. However, a basic premise of crop management
is that biomass production and the cumulative seasonal
evapotranspiration (ET) are closely associated in environ-
ments where other growth factors are not limiting (Ritchie,
1983). Evapotranspiration can be determined by the amount
of solar radiation intercepted by the crop canopy and the
availability of water (Hearn, 1979). Water-deficit stress im-
posed via numerous treatments caused progressively great-
er reductions in ET depending on the severity and timing
of stress (Grimes and Yamada, 1982). Hearn (1969¢) found
that final plant dry weight was linearly related to water us-
age. Furthermore, main-stem node number was curvilinear-
ly associated with available water. In a desert environment,
new node development ceased at earlier dates as water sup-
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ply was reduced (Hearn, 1969a). Regardless of whether
water was supplied frequently or in a single application,
nodes developed at the same rate prior to differential ces-
sation points, indicating that nodes were produced indepen-
dently of water supply until some threshold was reached.
Grimes and Yamada (1982) described a linear decrease in
stem elongation as leaf water potential (LWP) declined. No
further growth was noted when LWP was -2.4 or -2.5 MPa.
Crop growth rates (CGR) are lower in environments with
low water supply (Hearn, 1969b; Marani and Levi, 1973).
In three environments, Constable and Hearn (1981) found
that most of the variability in CGR due to varying water
supply was attributable to differences in LAI and solar ra-
diation. The CGR per unit leaf area (net assimilation rate)
was not affected by these same treatments and reflected a
reduced rate of leaf area expansion.

Leaf area production is reduced with limiting water
supply (Marani and Levi, 1973; Hearn 1969b) causing a re-
duced LAI Thomas ef al. (1973) found field-grown plants
exhibiting a reduction in leaf area per plant of 77 % from
the control in response to a single stress cycle. Marani and
Levi (1973) found that with moderate and high water sup-
ply levels, leaf area increases were greatest from early flow-
ering and continued so for approximately a month. In low
water treatments, however, LAI remained at values of 1.2
or less during the same period and was the characteristic
that was most persistently affected by water supply.

Marani et al. (1985) suggested that two different mech-
anisms may be responsible for negative effects of water
stress on canopy photosynthetic rates. The first is an effect
on individual leaves through closed stomata and lessening
of related leaf activities. The second is a combination of
reduced leaf area, increased average leaf age in the canopy,
and hastened leaf senescence due to limited water supply.
Leaf expansion is more sensitive than stomatal closure to
water supply. Expansion of leaves declines parallel to the
decreasing water supply during a drying cycle, while sto-
matal closure occurs after some threshold water deficit is
attained (Hearn, 1979). The actual water deficit levels at
which cessation of leaf expansion (Cutler and Rains, 1977)
and stomatal closure (Thomas ef al., 1976) occur are dy-
namic and depend on the water supply history of the crop.
Frequently irrigated plants displayed greater reductions in
leaf elongation rates at greater predawn LWP than plants
watered less frequently (Cutler and Rains, 1977). The ef-
fect of water supply on leaf growth and expansion was ad-
dressed in detail by Radin and Mauney (1986).

During drying cycles, root growth appears closely as-
sociated with shoot growth, with elongation ceasing con-
currently with cessation of growth in the shoot (Taylor and
Klepper, 1974). Root elongation ceased when the soil water
content was 0.06 to 0.07 cm*cm? (-0.1 MPa). Ball et al.
(1994) found that leaf expansion was more sensitive to wa-
ter stress than root elongation, with the former ceasing two
days into a six day drying cycle. Root elongation did not
cease elongation until the sixth day.
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Root depth patterns change during a drying cycle
(Klepper et al., 1973). Depth of new root proliferation is
greater as drying continues, which is a trend not observed in
well-watered control plants. If plants have a history of fre-
quent soil-surface wetting, they lack the ability to adjust to
conditions of progressive drying by rapidly exploring wet-
ter, deeper soil profiles (Carmi et al., 1993). These root sys-
tems lack a strong growing taproot, and they have instead,
a preponderance of thin lateral roots near the soil surface
(Carmi et al., 1992). Depth of rooting should be taken into
account when designing irrigation regimes.

For excellent reviews of water relations in cotton, refer
to Hearn (1979, 1995).

4.2 Flooding

Excess water can inhibit plant development just as too
little water. Two major phenomena occur in the soil during
flooding. The first is a large reduction in soil oxygen par-
tial pressure (Meyer et al., 1987). The second is decreased
nitrogen uptake by the roots (Hocking et al., 1985). The lat-
ter case may be explained by either a reduced soil nitrogen
concentrations, due to denitrification, or a reduced capacity
for active N uptake (Meyer ef al., 1987). In either case, re-
duced availability of oxygen manifests itself in a reduced
nitrogen supply for plant growth and maintenance.

Meyer et al. (1987) reported that waterlogging cotton
root systems caused reductions in leaf photosynthesis rates
after 2 d and continued to decrease until a difference of 39%
existed between flooded and control plants. Concomitant
reductions in leaf growth and stomatal conductance oc-
curred at 6 d after flooding. Reductions in leaf growth
due to waterlogging are common among different studies
(Meyer et al., 1987; Reicosky et al., 1985; Soomro and
Waring, 1987). Changes in leaf water potential were not
consistently associated with the observed reductions in leaf
growth and indicates that immediate changes in growth are
not directly mediated through plant water status (Reicosky
et al., 1985). Later flooding events do not result in as severe
effects on growth and adaptive processes appear to be at
present. After a second flooding, nitrogen transport has par-
tially recovered and no visible symptoms of stress appear
(Reicosky et al., 1985).

S. NITROGEN

How large a cotton plant will become is greatly deter-
mined by the amount of N it has available for growth. In
rain-fed areas of the world, where irrigation is limited, N
is the essential factor of growth that the grower can most
easily control. It is also a factor that can often be present in
either limiting or excess supply. In either case, plant pro-
ductivity is reduced. Gerik et al. (1998) provide an excel-
lent review of N and its management.
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Plant height (Malik et al., 1978; Gardner and Tucker,
1967), stem diameter (Gardner and Tucker, 1967), main-
stem node number (Jackson and Gerik, 1990; Thompson
et al., 1976), total plant dry weight (Wullschleger and
Oosterhuis, 1990b), leaf area expansion rate (Wullschleger
and Oosterhuis, 1990b), LAI (Constable and Hearn,
1981; Jackson and Gerik, 1990; Thompson et al., 1976;
Waullschleger and Oosterhuis, 1990b), vegetative branch-
ing (Gardner and Tucker, 1967), and the number of fruit-
ing sites (Thompson et al., 1976; Malik, et al., 1978) are
all positively related to N supply. In addition, the time re-
quired for growth events is reduced when N is in ample
supply. Thompson et al. (1976) found that greater N supply
reduced the plastochrons of leaf emergence (days/leaf) at
nodes 5 through 10. In addition, several accounts of de-
layed reproductive development have been reported due
to low levels of N fertility. Malik et al. (1978) found that
the time to first flower was increased an average of 30%
in two cultivars if only 17% of the non-limiting rate of N
was available. Non-limiting N supply actually lengthened
the reproductive period because more bolls are produced
over a longer period. Hearn (1975) found that high N and
frequent irrigations caused a slower boll set but resulted in
an extended reproductive period and greater boll loads. The
longer reproductive period prolonged the need for pest con-
trol three weeks later in the season, possibly resulting in
less economic return for the producer. Excessive nitrogen
can lead to extravagant vegetative growth and crop cano-
pies which promote boll disease, low micronaire, and late
maturity (Hearn, 1975).

Fiber yield is closely related to the number of bolls set
by a crop of a particular cultivar and crop history (Wells
and Meredith, 1984b). Further, integrated seasonal canopy
photosynthesis is positively correlated to yield (Wells ef al.,
1986), indicating that the supply of photosynthate may de-
termine the carrying capacity of a particular crop. Hearn and
Constable (1984), on the other hand, suggest that N supply
is also an important determinant of yield and carrying capac-

< 160 —
E 140 -| —@— Total Plant el
| —C— Vegetative Structures

120 -[1 - Reproductive Structures

100 y

80

60

40

20 4
0 —

‘\ [ T I I I

20 40 60 80 100 120 140 160
Days after planting

Nitrogen uptake (kg

Figure 3.4. Changes in vegetative, reproductive,
and whole shoot N content as a function of days
after planting (DAP) for cotton given
60 kg N/ha at planting and 60 kg N/ha at 70 DAP
(adapted from Oosterhuis et al., 1983).



Chapter 3. Morphological Alterations

ity. They proposed that the capacity of a crop to initially take
up, store in vegetative organs, and subsequently remobilize
N, without excessive vegetative development (rank growth),
may be as important as photosynthesis in determining boll
carrying capacity. Oosterhuis et al. (1983) reported that
about 42% of the shoot N resides in the seed and fiber and
found that vegetative and reproductive structures exhibit in-
verse trends during reproductive growth (Fig. 3-4). Further,
Zhu and Oosterhuis (1992) found that at 28, 42, and 62 days
after main-stem leaf initiation the sympodial leaves of the
tenth node sympodial branch contained 75, 52, and 20% of
the total branch N. Contrastingly, the bolls contained 11, 38,
and 73% of the branch N at these same respective dates.
Despite these inverse patterns of vegetative and reproduc-
tive change, not all N requirements could be fulfilled by the
subtending sympodial leaves and other sources of N would
be required (i.e., main-stem leaf, upper-canopy leaves, and
leaves further out the sympodium). Therefore, N is required
to produce the photosynthetic factory and much of this N
will be remobilized for boll development as reproductive
development proceeds.

6. GROWTH REGULATORS

Plant growth regulators (PGRs) influence a multitude of
specific physiological processes in cotton. These responses
are an indication of complex interactions of cultivar, man-
agement, and environment. Therefore, growth responses
are often not predictable and somewhat inconsistent. The
following section will only touch on the wealth of knowl-
edge concerning PGRs and their influence on plant growth
and development. For a more complete discussion refer
to Cothren (1994) and Cothren and Oosterhuis (this book,
chapter 26).

6.1 Mepiquat Chloride

Mepiquat chloride (MC), an anti-gibberellin, is prob-
ably the most widely used growth regulator in cotton pro-
duction. Numerous alterations in plant stature are caused
by MC, including smaller more compact plants with fewer
nodes (Bader and Niles, 1986; Reddy et al., 1990; Reddy
et al., 1992; York, 1983a), narrower plant canopies (Walter
et al., 1980), reduced leaf area expansion (Fernandez et
al., 1992), altered light interception patterns at the canopy
mid-point (Bader and Niles, 1986), reduced LAI (Reddy et
al., 1990; Stuart et al., 1984), and increased specific leaf
weights (Reddy et al., 1990; Xu and Taylor, 1992). The
impact of MC on stem elongation and general height dif-
ferences are temperature dependent (Reddy et al, 1992)
and help explain the observed responses of growth to MC
in combination with different planting dates (Cathy and
Meredith, 1988). Mepiquat chloride treated plants exhibit-
ed heights that were 9, 17, and 20% less than controls when
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planted at mid-April, early-May, and mid-May, respective-
ly. Beneficial effects of MC are evident in late-planted cot-
ton which, as discussed earlier, generate greater vegetative
development.

Earlier crop maturity is induced by MC. Kerby et al.
(1986) reported that MC-treated plants set more bolls at
lower plant positions and fewer at higher positions. Late
season boll load was limited by reduced boll retention and
not by a decline in the number of fruiting sites. In addition,
MC-treated plants had greater first-position bolls up to the
fifteenth node than the untreated control. Bader and Niles
(1986) found four of five maturity measures indicating that
MC caused earlier crop maturity. They also indicated that
full-season cultivars are more responsive to MC-induced
maturity effects than a short-season, determinate cultivar
such as ‘TAMCOT CAMD-E’. Constable (1994), on the
other hand, found cultivar responses that were unexpected.
Early maturing cultivars ‘Siokra S324” and ‘CS 8S’ exhib-
ited greater positive yield responses than the later maturing
‘Siokra L.23” and Siokra V-15’. Others have found little ef-
fect of cultivar on the observed responses to MC (Cathey
and Meredith, 1988; York, 1983a).

Constable (1994) indicated that thirty years ago it was
common to stress a cotton crop at early flowering to pro-
mote early boll retention and set the plant on the course
of increasing boll assimilate demand, concurrent with de-
clining leaf initiation. This practice has been replaced by
use of MC to control excessive vegetative development.
The key for attaining maximal yield responses to MC has
been determining the timing and amount of MC to apply
to mitigate excessive vegetative growth while promoting
maximal fruiting potential. A number of monitoring meth-
ods have been utilized to more effectively determine MC
needs and timing (Edmisten, 1994; Fletcher et al., 1994).
Edmisten (1994) utilized a point system, where points were
assessed based on the moisture, plant height, height/node
ratio and other crop history factors. Constable (1994), in a
five year study, found that yield responses to MC occurred
when internodes were longer than 6.5 cm/node. This ob-
servation is consistent with responses usually observed
when environmental conditions are non-limiting to growth
and prone to excessive vegetative development. Measuring
internodal length development is a promising monitoring
technique since adjustment to plant vigor must be made
during its manifestation and not after the plants are already
too large (Constable, 1994; Fletcher et al., 1994). Landivar
et al. (1996) proposed using the average length of the top
five internodes (ALTS) of the main-stem as an indicator of
the stem elongation rate. ALT 5 is measured using a special
ruler (MEPRT: MEPiquat Chloride Rate and Timing) cali-
brated to estimate the potential height of the plants at the
cessation of vegetative growth, or cutout (Landivar, 1998).
The goal is to maintain the ALTS values between 3.6 and
4.1 cm (1.4 to 1.6 in.).
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6.2 Gibberellins, Auxins, and Cytokinins

In contrast to the effects of MC, many growth regulators
have been used to stimulate early vegetative and reproduc-
tive growth of cotton. Gibberellic acid (GA) was applied
by either soaking seed with 10 to 100 ppm GA or by ap-
plying the same concentrations at squaring by El-Fouly and
Moustafa (1969). Both application methods resulted in in-
creased plant height, while time to reproductive growth was
unaffected. More recently, GA, (RyzUp) has been applied
to plants with three to seven true leaves in both greenhouse
and field (Hansen ef al., 1996). Increases in leaf area per
leaf, plant height, and photosynthetic rate were observed
in response to GA, application. Cytokinins or similar com-
pounds have also been studied under a number of trade
names (Burst, Cytozyme, Cytokin, Triggrr). Positive yield
responses to cytokinin compounds have been reported,
however, responses are generally inconsistent (Cothren,
1994). Cytokinin effects on growth and plant stature are
poorly understood. Some PGRs are mixtures of different
compound types. The best known product of this group is
probably PGR-IV, consisting mainly of GA, indolebutyric
acid, and a proprietary fermentation broth. Positive effects
of PGR-IV have been reported to manifest themselves as
increased root growth, enhanced nutrient uptake, greater
leaf area, increased shoot growth, enhanced photosynthesis,
and higher yields than in untreated controls (Oosterhuis,
1995b). Responses indicate that PGR-IV may alleviate
some of detrimental effects of mild stresses on plant pro-
cesses. Zhao and Oosterhuis (1997) reported significantly
greater photosynthetic rate, root dry weight, and floral bud
dry weight in PGR-IV treated water-stressed plants than un-
treated water-stressed plants.

Growth and yield responses from PGRs are generally
inconsistent. Much of the variability comes from the fact
that even small differences in management, genotype and
environment can greatly alter plant response to PGRs.

7. OZONE

Ozone is the most commonly occurring atmospheric
pollutant that negatively affects cotton growth and yield.
Yield response is very dose dependent and is variable in
occurrence due to varying climatic conditions and near-
ness of urban centers (Olszyk et al., 1993). As urban ar-
eas encroach into agricultural regions, ozone will continue
to expand its importance as a yield-limiting factor. Yield
decreases of 10 to 20% are common in response to ambi-
ent ozone concentrations (Heagle et al., 1986; Heagle et
al., 1988; Olszyk et al., 1993; Temple et al., 1985). Under
well-watered conditions several alterations to plant growth
and morphology are noteworthy. The major alteration in
response to ozone is increased abscission of main-stem
leaves (Temple, 1990b) and reduced leaf area duration
(Miller et al., 1988). Associative reductions in net assimila-
tion rates are also apparent (Miller ef al., 1988; Oshima et
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al., 1979), indicating that plant assimilatory capacity is im-
paired. Ozone-exposed plants tend to be more ‘leafy’ early
in growth; a trait measurable by greater leaf area ratios (leaf
weight per unit plant weight)(Miller et al., 1988; Oshima
et al., 1979), leaf weight ratio (leaf weight per unit plant
weight), and specific leaf area ratios (leaf area per unit leaf
weight) than observed in low ozone controls (Miller et al.,
1988). Later in growth these increases in leaf partitioning
are reversed since damaged leaves are then abscised from
the plant (Miller et al., 1988). Plant height does not ap-
pear reduced due to ozone, however, internodal lengths are
decreased by ozone exposure (Temple, 1990b). Observed
growth effects are much greater in well-watered than water-
stressed plants and reflect a need for open stomata as a point
of entry to internal leaf tissues (Miller et al., 1988; Heagle
et al., 1988; Temple et al., 1985). Internally, carboxylation
efficiency is the initial cause of decline in photosynthesis
following ozone exposure (Farage ef al., 1991). Inhibition
of electron transport is not involved in initial events and
stomatal closure is predominantly a secondary effect occur-
ring later in leaf ontogeny (Pell ef al., 1992).

There are significant cultivar X ozone interactions con-
cerning growth and yield, however, these differences ap-
pear more closely tied to the degree of determinacy rather
than to some physiological mechanism (Temple, 1990b).
Determinate cultivars enter reproductive development when
ozone concentrations are high. Similarly, indeterminate cul-
tivars can respond to leaf loss by altering growth patterns,
such as producing more branches. An excellent review of
the effects of gaseous pollutants on cotton growth can be
found in Chapter 15 (Temple and Grantz, this book).

8. SUMMARY

The number of fruiting sites produced by the plant is de-
pendent on the stature and branching pattern. Fruiting site
quantity, combined with the capacity of the plant to sup-
ply assimilates, will determine the final fiber production.
Environmental factors, some influenced through manage-
ment inputs and some not, will determine the plant stature.
Further, the assimilatory capacity of the crop is determined
through both plant stature (e.g., LAI, light interception pat-
terns) and the influence of the environment on the physio-
logical mechanisms (e.g., photosynthesis, respiration, trans-
location). For these reasons, crop managers must “stack the
deck” in the crop’s favor, allowing maximal yield potential
regardless of what uncontrolled environmental conditions
(e.g., temperature, solar radiation, water in rain-fed regions,
air pollution) exist. All controllable growth factors (e.g.,
fertility, pH, pests, growth regulators) must be present in
sufficient amounts and must be applied in response to in-
dividual field needs as they arise during the growth cycle.
For these reasons, an intimate knowledge of the crop and
its morphological development is perhaps a crop manager’s
most powerful tool.
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1. INTRODUCTION

The yarn and textile industries rely on the cotton plant
to produce desirable fibers, which for the purposes of manu-
facturing are essentially a material with particular physical
properties. To some extent, current expectations of the in-
dustry and current fiber uses are dictated by what nature and
human domestication of cotton gave the 19" and 20" cen-
turies as a starting material. More than five millennia ago,
humans realized the potential for spinning and weaving of
the natural fibers that presumably aided cottonseed dispersal
(Arthur, 1990). Hence, agriculturalists have long selected
for higher-yielding, longer, and perhaps even stronger cot-
ton fibers that were better suited for making yarns for cloth.
Continuing since the industrial revolution, changes in manu-
facturing technology, fiber analysis potential, and consumer
demands for higher quality end-products have led to more
rapid improvement in the basic properties of the fiber (or
combinations of desirable properties) through the efforts of
cotton breeders. Fiber improvement is likely to accelerate
in an increasingly sophisticated cotton industry and market
that demands and rewards particular fiber properties. For
example, cotton fiber strength has improved greatly in just
the past decade after increasing use of cheaper rotor spin-
ning put an increasing premium on strength to maintain
high-quality yarn production, and automated HVI testing
allowed strength to be monitored and at least partially fac-
tored into pricing at the gin (Chewning, 1992; Sasser, 1992;
Lewis and Benedict, 1994). Also, genetic engineering offers
the prospect of expanding the rather narrow potential of the
domesticated cotton genomes (Wendel ef al., 1992) by al-
lowing targeted improvement in traditional fiber properties
and addition of completely novel properties to fibers through
changes in genetic composition or regulation (John, 1994).

J.McD. Stewart et al. (eds.), Physiology of Cotton,

Nature has given us a few cotton mutants with novel
and useful properties, such as light brown and green color
due to integration of suberin into the walls in the case of the
green cotton (Schmutz et al., 1993). These mutants have
been exploited in niche markets for organically-grown,
undyed cotton products (Lee, 1996). Progress by genetic
engineering toward adding other novel properties to fibers,
for example by including a thermoplastic polyester com-
pound in the lumen (John ef al., 1996), is occurring faster
than modification of traditional fiber properties because
the necessary genes can be identified from other organ-
isms (John, 1994). In contrast, modification of traditional
fiber properties by genetic engineering has not yet occurred
because we lack knowledge about which are the critical
controlling genes (John, 1992). Work to identify the genes
that are expressed in cotton fibers represents a beginning
toward reaching that goal (John and Crow, 1992; Delmer
et al., 1995; Ma et al., 1995; Pear et al., 1996, Song and
Allen, 1997), but extensive physiological and biochemical
work, often coupled with production of transgenic plants
with altered gene expression, will be required to under-
stand which of these genes code for proteins with critical
regulatory roles. Understanding the control mechanisms of
the basic agronomic traits is an important goal if we are to
improve these traits or even maintain them under stressful
production conditions and with sustainable farming prac-
tices. Although cotton with special properties will occupy
important niches in the future, it is probable that traditional
cotton will continue to meet many of the bulk demands for
this natural fiber. Identification of controlling genes is pred-
icated on a basic understanding of cellular and biochemical
phenomena relevant to particular fiber traits, and even that
understanding at a mechanistic level is in its infancy.
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The purpose of this chapter is to discuss the current
state of knowledge about physiological and anatomical fac-
tors that determine fiber structure and utility. Emphasis will
be placed on research accomplished since the mid-1980s
because excellent comprehensive reviews of fiber develop-
ment were published near that time (Basra and Malik, 1984;
Ryser, 1985; DeLanghe, 1986; Kosmidou-Dimitropoulou,
1986). Hormonal controls of fiber development will not be
covered extensively because this has not been a particularly
active area of recent research since those reviews. The or-
ganizing principle will be to consider the major fiber traits
now valued by the textile industry (fineness, length, ma-
turity, and strength) in the context of their value to the in-
dustry and their control at the level of fiber development.
Consideration will be given to four levels of structural
organization that dictate the properties of natural fibrous
polymers (Rebenfield, 1990): (a) molecular structure of
the predominant homopolymer in cotton fiber, cellulose;
(b) macromolecular structure, including cellulose chain
length; (c) supramolecular organization, or aggregation of
cellulose molecules into microfibrils; and (d) aggregation
of microfibrils into the fibrous composite of the cell wall
under genetic control.

Uniformity of fiber properties will also be discussed be-
cause of its value relative to: (a) more efficient design and
use of textile machinery; (b) more uniform and predictable
product properties; and (c) generation of higher prices paid
to the producer and even long-term sale contracts to partic-
ular end-users (Booth, 1968; Lands’ End Inc., 1997). Fiber
yield will be discussed since no particular quality trait, or
even uniformity, is valued unless it can be optimized along
with other traits in a high-yield crop. Finally, attempts to
modify fiber properties will be discussed. Because of the
broad scope of this chapter, it does not represent exhaustive
coverage of any fiber property; readers interested in partic-
ular topics are encouraged to consult other reviews and the
recent primary literature for more information. This book
also contains more detailed discussions of cotton molecular
biology, biochemistry, production systems, and environ-
mental interactions that have bearing on fiber quality.

2. OVERVIEW OF FIBER
DEVELOPMENT

Traditionally, fiber development has been divided into
four stages: (1) initiation; (2) elongation; (3) secondary wall
thickening; and (4) maturation (Jasdanwala et al., 1996).
The terminology of stages (3) and (4) has recently become
confusing, since the industry would like to replace the tra-
ditionally measured fiber property of micronaire, which is
an indirect composite measurement dependent on fiber pe-
rimeter (fineness) and wall thickness (maturity), with sepa-
rately quantified measurements of perimeter and maturity
(Bradow et al., 1996). It is the process of secondary wall
thickening that leads to maturity; hence, confusion arises
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if stage (4) is referred to as maturation. Stage (4) is really
the stage of death and desiccation of the fiber, which re-
sults in collapse of the formerly round lumen and twisting
of the fiber. Therefore, this chapter will refer to the four
stages of fiber development as: (1) initiation; (2) elonga-
tion; (3) thickening; and (4) death/dessication. The changes
that occur in stage (4) are critical to the physical properties
and use of cotton fibers (DeLanghe, 1986); for example,
twisting (or formation of convolutions) of the fiber upon
drying increases elongation to break and aids spinning into
composite yarns. However, the occurrence and periodicity
of the twists are determined by the fiber structure that was
formed by active cellular processes in the first three stages.
Therefore, only the physiological and anatomical controls
of the first three stages and their impact on fiber properties
will be discussed here.

Stage (1), initiation, refers to the ballooning out of the
fiber initial above the seed epidermal surface on the day of
flowering, or anthesis. Therefore, customarily and in this
chapter, fiber age is described by days post-anthesis, DPA.
Fiber age is indicated by positive DPA numbers, whereas
differentiation stages of fiber development (before initia-
tion) are indicated by negative DPA numbers. The fiber ini-
tial increases in length and perimeter relative to the foot of
the fiber that remains embedded in the outer layer of the
epidermis (Ryser, 1985). The stage of initiation contin-
ues over several days across the whole epidermal surface.
Although it has been said that fibers initiate in particular
patterns over the ovule surface (Tiwari and Wilkins, 1995),
there can be extensive variability between ovules so that no
particular pattern exists (Tiwari and Wilkins, 1995). Each
individual fiber remains in the initiation stage with a bul-
bous tip for about two days. The property of fiber perimeter
(or diameter when the initial is circular) is determined dur-
ing or shortly after initiation.

Stage (2), elongation, can be defined as beginning when
the individual fiber develops a sharply tapered tip. This
stage is characterized by rapid primary cell wall synthesis
as the single-celled fiber attains lengths that can be greater
than 2.25 inches (Booth, 1968). Elongation continues until
14 to 40 DPA, with the duration dependent upon genotype
and environment (Thaker ef al., 1989; Ryser, 1985; Haigler
et al., 1991; Xie et al., 1993). The latter point emphasizes
that days of starting or duration cannot be rigidly assigned
to any of these fiber developmental stages in all cultivars
or growing regimes; any particular study that depends on
identification of exact developmental stages should include
data to establish internal reference points.

Stage (3), thickening, begins when the cell wall starts
to thicken. The times of initiation and duration of this
phase also depend on genotype and environment (Thaker
et al., 1989; Haigler et al., 1991). Generally, thickening be-
gins between 12 and 20 DPA while elongation continues
(DeLanghe, 1986). Therefore, elongation and thickening
are overlapping phases for a variable period that is as long
as 21 days in G. barbadense (Schubert et al., 1976). Cell
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wall thickening begins with deposition of a thicker primary
wall (Meinert and Delmer, 1977), but soon the deposition
of a cellulose-rich secondary wall begins. The cellulose-rich
secondary wall forms the bulk of the mature fiber, and its
deposition is completed by 35 to 55 DPA (Schubert ef al.,
1976; Thaker et al., 1989; Haigler et al., 1991). The second-
ary wall of the cotton fiber is the purest cellulose structure
produced in bulk by higher plants, containing more than
95% cellulose (Meinert and Delmer, 1977).

3. FINENESS

Fineness is a relative property arising from the diam-
eter, cross-sectional area, weight per unit length, perimeter,
and specific surface area of the fiber (Arthur, 1990). The
textile industry is placing increasing value on fine fibers, or
those for which fiber mass per unit length is lower, because
rotor spinning places more value on fineness and strength
than length (Deussen, 1992). Fine fibers produce the stron-
gest and most uniform yarn for a given fiber length because
more fibers fit into the yarn cross-section, which increases
strength and tends to minimize the effect of individual fiber
irregularity (Booth, 1968; Basra and Malik, 1984). Also,
finer fibers are less rigid, promoting ease of spinning and
better fabric drape (Booth, 1968; Deussen, 1992). Since
mature fibers with thick walls are also desirable to enhance
single fiber strength and dyeability (up to the limit of sub-
optimum fiber rigidity), fineness is best reduced by lower
fiber perimeter. Only control of fiber perimeter will be dis-
cussed in this section, with wall thickness (maturity) being
discussed in a following section.

3.1 Fiber Property Measurements
Relevant to Fiber Fineness
3.1.1 Micronaire

Micronaire is a comparative value with units arising
from measurement of air-flow through a fiber mass of stan-
dard weight. The air flow depends on packing of the fibers,
which in turn depends on a composite of fiber properties
including large contributions by fineness and maturity. A
mass of large perimeter (coarse) fibers with thin walls (im-
mature) could have the same micronaire value as a mass of
small perimeter (fine) fibers with thick walls (mature).

The premium micronaire range is 3.5 to 4.9 (Culp,
1992).

3.1.2 Linear Density (mtex = mg/km)

Linear density depends on both the perimeter of the fi-
ber and the thickness of the secondary wall. If the fibers
were perfectly circular with uniform thickness, only diam-
eter would have to be considered; using mass/unit length
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accounts for deviations in these parameters (Booth, 1968).
Linear density is determined from the number of fibers and
the weight of fibers in a 1.5 cm bundle.

A typical linear density value for upland cotton is 130
mtex.

3.2 Control at Fiber Initiation

Fiber perimeter is related to the extent to which the fiber
initial expands in diameter as it balloons above the epider-
mal surface (usually between 0 and 2 DPA)(Wilkins, 1992)
and becomes wider than the fiber foot (Berlin, 1986). A
positive correlation has been shown between initial perim-
eter and final fiber perimeter (DeLanghe, 1986). However,
perimeter is also under regional control in older fibers. Lint
fibers become wider until about 10 mm distance from the
ovule surface (Boylston ef al., 1993), with a region near
the tip of older fibers being narrower than this maximum.
The taper was restricted to the terminal 1000 to 1500 pm
of the fiber tip in 2 cultivars of G. hirsutum L., with the
shorter taper region occurring during primary wall synthe-
sis (R.W. Seagull, personal communication). Final fiber
perimeter typically varies between 40 and 70 um (Vincke
et al., 1985), indicating substantial variation in this trait be-
tween cultivars. Within one cultivar, fiber perimeter values
show a normal distribution with a population standard de-
viation between 10 and 30% of the value, although some of
this variation is likely accounted for by differences in point
of cross-section along the fiber length (Petkar ef al., 1986;
Boylston ef al., 1993). Fiber perimeter is not affected to
an appreciable extent by environment; its variation is con-
trolled genotypically (Kloth, 1992).

Cells swell in perimeter if cell wall properties are such
that the turgor pressure of the cell can cause expansion.
(It is possible for a wall to be so inextensible that no ex-
pansion occurs even though turgor is a constant feature
of unstressed, vacuolated plant cells.) Therefore, the ini-
tial swelling of particular fiber cells, as contrasted with
non-swelling neighbors, must imply an increase in turgor
and/or a loosening of the cell wall in those particular cells
(Wilkins, 1992). The physical properties of the cell wall at
any time imply that there exists a particular yield threshold
of pressure required to induce any expansion, and once that
threshold is exceeded the magnitude of turgor pressure can
affect the rate of cell expansion as long as the wall remains
extensible (Cosgrove and Knievel, 1987; Cosgrove, 1997).
Therefore, reduction of wall extensibility, perhaps through
increased synthesis of enzymes or polymers that can par-
ticipate in cross-linking, is a possible target for decreasing
fiber perimeter.

The direction of reinforcement of the primary cell wall
by the innermost layers of cellulose microfibrils deter-
mines the direction of cell expansion (Richmond, 1983).
The orientation of cellulose microfibrils is determined by
the orientation of cytoskeletal microtubules in many plant
cells (Seagull, 1989a; 1991), and when the fiber initial first
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swells as an approximate spherical balloon the orientation
of microtubules in these initials is random (Seagull, 1992a).
However, within 2 to 3 days, the microtubules reorient into
hoops or a flat helix parallel to the ovule surface, and con-
sequently the innermost wall microfibrils begin to be syn-
thesized around the circumference of the fiber (Seagull,
1992b). This constrains circumferential expansion, and the
fiber begins to lengthen unidirectionally. We do not under-
stand why a tapered tip develops at this stage, although it
could indicate the addition of a tip-growth mechanism (see
below) to the intercalary growth already proceeding.

Fiber perimeter could readily change as long as syn-
thesis of an extensible cell wall continues, implying that
this property is under active cellular control. Evidence
that microtubules are important in control of perimeter
over most of the fiber length during primary wall synthe-
sis comes from experiments with microtubule polymeriza-
tion inhibitors (oryzalin) or microtubule stabilizers (taxol),
both of which cause fiber swelling (Seagull, 1995). These
experiments suggest that the presence of microtubules in
their normal state of dynamic function is required to restrict
excessive fiber expansion, probably because of their effect
on determining orientation of the cellulose microfibrils
(Seagull, 1989a, b). In regions of intercalary growth with an
expanding cell surface, newly arranged microtubules would
be required to orient the newly synthesized microfibrils,
which explains why even stabilized microtubules allow fi-
ber swelling (Seagull, 1995). Contrary to the common idea
that perimeter cannot change after the thick, less-extensible
secondary wall begins to be deposited, increases in fiber
perimeter have been observed through 30 DPA in MD51
and DP50 cultivars of G. hirsutum (R.W. Seagull, personal
communication). In the latter stages of fiber thickening, fur-
ther perimeter increases may cease; there is a tendency for
a 10 to 20% decline in average perimeter of air-dried G.
hirsutum fibers between 24 and 63 DPA (Petkar et al., 1986;
Boylston et al., 1993).

4. LENGTH

Desirable commercial cotton cultivars generally pro-
duce fibers with length (standardized as UHM = upper
half mean; the mean length of the longest one/half of the
fiber population) in the range of <0.99 inch (short) to >1.26
inches (extra long). Staple length is an estimate of the aver-
age length of fibers in a bale, which varies between 0.87
and 1.5 inches in commercial cultivars (Rebenfield, 1990).
Span length (e.g., 50% span length) is a measurement from
clamped fibers indicating that 50% of the fibers are greater
than or equal to the stated length; this measurement is often
viewed as more realistic of fiber processing since the fibers
start out randomly arrayed (Booth, 1968).

Both the rate (for example up to 2.9 mm/day; Thaker et
al., 1986) and duration of fiber elongation (14 to 38 days in
a representative experiment) are positively correlated with
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final fiber length (Thaker et al., 1989). Long fibers are most
highly valued for fine textiles because long fibers can be
spun into stronger, finer yarns (Arthur, 1990). Therefore,
improving length without sacrificing other properties is a
major goal for cotton improvement. Individual cotton fibers
can be more than 2.25 inches long in G. barbadense cv.
Sea Island, but fibers are much shorter in G. hirsutum (typi-
cally not more than 1.1 inches long) (Booth, 1968). Even in
G. barbadense, there is no reason to believe that an inher-
ent limit of length has been reached since elongation com-
monly stops before the fiber dies (Schubert et al., 1976) and
much longer plant cells do exist (extraxillary fibers of flax
and ramie are 2.7 inches and up to 21.6 inches long, respec-
tively; Fahn, 1990).

Efforts to improve fiber length are limited because
we do not know of one or a few genes that control length.
If elongation were to occur faster or if its period were to
be extended, at least some of a whole suite of genes (for
example those establishing sufficient turgor to exceed
the yield threshold of the cell wall and those required for
plasma membrane and wall synthesis) would have to be
up-regulated and/or continue to be expressed. Such a goal
would be easier to accomplish if there were developmen-
tal timing genes (Seagull, 1992a; Wilkins, 1992; Haigler
et al., 1994) that regulate the elongation process such that
manipulation of these would allow the process to be ex-
tended. Alternatively, one or a few enzymes could repre-
sent the major limitations of length, with excess capacity
for elongation built into other aspects of the system. Recent
research that has yielded additional information about cel-
lular mechanisms related to the fiber elongation process is
discussed below.

4.1 Timing of Fiber Initiation

The long lint fibers, which initiate in planta between 0
and 2 DPA (Berlin, 1986), are used in the spinning of yarns
to make textiles. There is another population of short fibers,
called fuzz fibers (or sometimes linters) that arise from fi-
ber initials that did not achieve their length potential. Since
the fuzz fibers are the last to initiate between 6 and 8 DPA
(Berlin, 1986), the timing of initiation may be one controller
of fiber length. It can be speculated that there is an inherent
stimulus of the suite of genes controlling extensive elonga-
tion, for example a particular hormone or combination of
hormones that are present in the ovule only for a certain
time. Once this time is passed, fiber initials that form later
cannot be stimulated to elongate extensively. However, the
complexity of control of elongation is indicated by the fact
that ovules cultured constantly with exogenous hormones
require a longer time to initiate the same number of fibers as
occur on plant-grown ovules (R.W. Seagull, personal com-
munication). Hormones affecting fiber initiation are likely
to modulate the cytoskeleton; it has recently been shown
that lint fiber number can be increased through stabilizing
microtubules with taxol (Seagull, 1998).
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Coincidentally with fiber initiation on 0 DPA, both su-
crose synthase mRNA and protein are upregulated in cotton
ovules (Nolte ef al., 1995). Sucrose synthase (EC 2.4.1.13)
catalyzes the reversible reaction: sucrose <-----> fructose
+ UDP-glucose, although it often works preferentially in
the degradative direction under physiological conditions
(Kruger, 1990). Immunolocalization showed that the en-
zyme amount increased during the earliest stages of fiber
initiation, but not in adjacent non-expanding epidermal
cells, and that it remained abundant through early stages of
fiber elongation. This increase, as well as the beginning of
fiber expansion, occurred on the day of flowering with or
without pollination occurring (Nolte et al., 1995). Sucrose
synthase operating degradatively could have diverse roles
in the expanding fiber, including support of respiration, pro-
duction of osmolytes, and providing UDP-glucose for cell
wall biosynthesis (Nolte et al., 1995).

Recent research has indicated that the formation and
properties of the vacuole(s) are critical to fiber initiation
and elongation. Electron microscopy accomplished by rapid
freeze-fixation (which reveals more accurate views of mem-
brane compartments than traditional chemical fixation) has
shown that a large central vacuole is created in fiber initials
after anthesis. At -1 DPA, differentiated fiber cells that have
not yet expanded have only a few small spherical vacuoles
(Tiwari and Wilkins, 1995) and a second unique, highly
polymorphic, anastomosed vacuolar network (Tiwari and
Wilkins, personal communication). The second unique type
of vacuole differentiates by -3 DPA only in incipient fibers,
not in their neighboring ovule epidermal cells. It contains
an electron dense material that depletes from the vacuole
between -1 and 3 DPA in normal fibers, but the material
never depletes in epidermal cells of the Ligon lintless mu-
tant that lacks long fibers (Kohel ef al., 1993). [It should be
noted that previous electron microscopic work suggested
that this electron dense material was released from the vac-
uole into the cytoplasm of incipient fibers (Berlin, 1986),
but this was likely an artifact of chemical fixation (Wilkins
and Tiwari, 1994).] Therefore, this electron dense material
could function as an elongation signal or a metabolic pre-
cursor supply that is required to be mobilized after fiber cell
differentiation to facilitate fiber initiation and early elonga-
tion (Tiwari and Wilkins, personal communication).

4.2 Cellular Requirements for
Elongation
4.2.1 Generation of Intracellular Turgor

Pressure

For fiber elongation to occur by intercalary growth (see
section 4.2.2), cell turgor is essential to provide the force
that expands the primary cell wall. Generation of turgor is
dependent on the influx of water that follows import of os-
motically active molecules, predominantly K* and malate,
into the large central vacuole (Wilkins, 1992). Rate of fiber
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elongation and fiber length are inversely related to the K'/
malate ratio (Basra and Malik, 1983). The specific activity
of malate dehydrogenase, which is required to synthesize
malate from oxaloacetate, did not vary greatly over 24 in-
bred cultivars of G. hirsutum varying from 11.4 to 15.5 cm
50% span fiber length. These results suggest that either the
activity of this enzyme to synthesize malate is not a lim-
itation to length or that it has already been optimized in
commercial cultivars of upland cotton (Kloth, 1992). As a
further indication of outstanding questions about the pos-
sible regulatory role of this enzyme in determining fiber
properties, there are conflicting reports about the relative
activity of malate dehydrogenase during primary and sec-
ondary wall development including reports of more protein
abundance and activity during the secondary wall stage
(Ferguson et al., 1996).

From 2 to 3 DPA after the fiber initial has ballooned
above the surface, many dispersed provacuoles appear, and
these are proposed to fuse to form the large central vacu-
ole that persists for the life of the fiber (Joshi ef al., 1988).
The small vacuoles have heavier cytochemical deposits
indicating ATPase activity (Joshi et al., 1988), suggesting
that the extra ATPase activity needed to facilitate import of
K" and malate activity into the central vacuole is added by
fusion of these small vacuoles. Vacuolar H+-ATPases gen-
erate an electrochemical gradient to which ion and solute
transport is coupled (Joshi et al., 1988; Wilkins, 1992). The
H+-ATPases, which are large multi-subunit proteins that
are virtually ubiquitous in plant cells, have been the focus
of recent cytochemical and molecular biological analyses
in cotton fiber. Their function can be regulated at the level
of gene transcription and at the level of subunit assembly/
disassembly (Wilkins, 1992; Wilkins et al., 1996). ATPase
activity has been detected cytochemically in the tonoplasts
of expanding cells, but not in adjacent non-expanding epi-
dermal cells or in any epidermal cells of a lintless mutant
(Joshi et al., 1988). Positive correlations with fiber expan-
sion rate have been shown for amounts of mRNA corre-
sponding to three H+-ATPase subunits in separated fibers
and for levels of H+-ATPase protein and enzyme activity in
vacuolar or microsomal membranes from combined ovules
and fibers (Wilkins, 1996). These data indicate that there
are housekeeping and expansion forms of the H+-ATPase
and multiple levels of control of the enzyme activity (trans-
lational and post-translational). The genes are organized
into two families found in both diploid and tetraploid cot-
ton (Wilkins, 1992). The Ligon lintless-2 mutant lacks the
expansion form (Wilkins et al., personal communication).

4.2.2 Cell Wall Synthesis and Expansion

Primary walls are synthesized rapidly in elongating cot-
ton fibers, and cellular activity must increase to support this
increased demand for deposition of cellulose microfibrils
at newly synthesized plasma membrane and for export of
structural matrix polysaccharides and proteins of the pri-
mary wall by vesicles of the Golgi apparatus (Haigler,
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1985; Bolwell, 1993). Matrix polysaccharides are impor-
tant in control of elongation, as indicated by the change in
organization of methyl-esterified pectin in the primary wall
during fiber initiation and the onset of polarized elongation
(Wilkins and Tiwari, 1994). The number of Golgi stacks
increases at least 3X during fiber initiation (2 DPA) com-
pared to -1 DPA epidermal cells, although the number per
unit area actually decreases. Similarly, the number of cis-
ternae per Golgi stack increases from 5 to 6 (in 50% of the
stacks) between -1 DPA and 2 DPA (Tiwari and Wilkins,
1995). Seagull (personal communication) also observed
an increase in the number of Golgi cisternae per stack.
Comparison of the two studies suggests that the number of
cisternae per stack decreased between 2 and 8 DPA, only to
increase again by 15 DPA; such changes could reflect quan-
titative or qualitative differences in Golgi function.

The mechanism of primary wall expansion is relevant
to the control of fiber length. Two major mechanisms of
plant cell wall extension occur: (a) intercalary growth,
where new wall material is added all along the cell surface
and cellulose microfibrils in the older wall become more
net-like to allow surface area expansion; and (b) tip growth,
where new wall is synthesized only at the elongating tip
and older parts of the wall do not change. The activity of
B-glycerophosphatase has been cytochemically localized
to expanding parts of fiber walls (Joshi et al., 1985), and
activity of covalently-bound cell wall glycosidases shows
a close correlation with the rate of fiber elongation activity
(Thaker et al., 1987). Similarly, genes coding for endo-p-
1,4-glucanase, which could solubilize cell wall xyloglucan
to facilitate cell expansion, and expansin, which can loosen
cell walls by an unidentified non-hydrolytic mechanism
(Cosgrove, 1997), both have elevated expression during
primary wall synthesis (Shimizu et al., 1997). These types
of proteins are likely to be involved in wall loosening to al-
low expansion by intercalary growth. However, tip-growth
probably also contributes to fiber elongation. Cells engaged
in tip vs. intercalary growth have differently oriented cyto-
skeletons, differently distributed Golgi stacks and vesicles,
and different responses to alterations of the cytoskeleton
(reviewed in Seagull, 1995; Tiwari and Wilkins, 1995;
Wilkins and Tiwari, 1994). Two groups have recently in-
vestigated these phenomena in cotton fibers using different
ages of fibers. A synthesis of these results follows.

4.3 Phases and Mechanisms of
Elongation
4.3.1 Onset of Polarized Eelongation, e.g., 2

DPA, Intercalary Growth Mechanism

Numerous cellular features or responses are indicative
of intercalary growth on 2 DPA, although many fibers have
already developed a tapered tip. Golgi stacks and vesicles
are dispersed along the cell surface and no other organelle
zonation is detected. Wall microfibrils are synthesized in
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transverse hoops paralleled by microtubules, and there is no
actin meshwork at the tips as is found in tip-growing cells.
The microtubule antagonist colchicine prevents polarized
expansion and elongation of the fiber initials, whereas
the actin antagonist cytochalasin D does not (Tiwari and
Wilkins, 1995).

4.3.2 Early Elongation Phase, e.g., 3-7 DPA,
Dual Intercalary and Tip-Growth
Mechanism?

Fibers at this stage of development are in a period of ex-
ponentially increasing elongation rate since the maximum
rate is reached by 10 to 12 DPA in many fibers (Schubert
et al., 1976; Thaker et al., 1986). Golgi stacks and mito-
chondria are dispersed along the cell surface, except for a
void volume within 1 pm of the tip, indicative of intercalary
growth. However, Golgi vesicles bind more abundantly at
the tip, indicative of tip growth (Seagull, 1995). Cell wall
microfibrils are transverse on the innermost wall layer and
net-like on the outside (Seagull, 1995; Willison, 1983), in-
dicative of expansion of older wall layers as part of interca-
lary growth. Microtubules are transverse to the longitudinal
cell axis along most of the fiber length, which is consistent
with elongation by intercalary growth but not tip growth
(Ryser, 1985; Seagull, 1989b, 1992b). Whereas tip-growing
cells have randomly oriented microtubules and microfibrils
at the tip, cotton fibers have been alternatively reported to
match these feature (G. arboreum L.; Ryser, 1985)) or to
have oriented microtubules and microfibrils at the tip (G.
hirsutum; Seagull, 1995). Microtubule depolymerizing
agents cause fiber swelling along most of the fiber length,
but not at the tapering tip (Seagull, 1995), consistent with
both intercalary and tip growth occurring regionally.

4.3.3 Intermediate Elongation Phase, e.g., 5
DPA, Dual Intercalary and Tip-Growth
Mechanism, Shifting to Predominance

of Tip Growth?

Fibers at this stage under typical growing conditions
have initiated wall thickening and just passed their most
rapid elongation rate, up to 2.4 to 2.9 mm/day, after which
the rate will continuously decline for the remainder of the
elongation period (Schubert, 1976; Thaker et al., 1986). At
15 DPA, Golgi stacks are still found all along the fiber sur-
face, although they have become more enriched at the ta-
pering tip (by 2-fold) when compared to 8 DPA with no or-
ganelle zonation (R.W. Seagull, personal communication).
These results are consistent with autoradiography, which
indicated growth all along the surface with more intense la-
bel incorporation at the tip (Ryser, 1985). This stage of fiber
development may correspond to thickening of the primary
wall or synthesis of the winding layer, which probably oc-
cur sequentially at the primary to secondary wall transition
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(Meinert and Delmer, 1977). The winding layer is the first
layer of cellulose microfibrils oriented in a steeper helix
relative to the longitudinal axis of the fiber, and the microfi-
brils are also more widely spaced than in the true secondary
wall (Seagull, 1992a). It is possible that the synthesis of the
winding layer represents a change in patterns of wall rein-
forcement so that elongation by intercalary growth with its
accompanying wall expansion is no longer possible.

4.34 Late Elongation, Tip Growth Only?

Older cotton fibers have thick secondary walls that do
not allow swelling in the presence of microtubule-altering
drugs. They are also notoriously difficult to fix for electron
microscopy by chemical methods because of the penetra-
tion barrier of the thick secondary wall. Therefore, similar
reliable morphological analyses to those described above
have not been completed during secondary wall thickening
(DeLanghe, 1986), and we can currently only make hypoth-
eses about the mechanism of continuing elongation during
that time. (Recently, we have achieved successful fixation
of late secondary wall stage, plant-grown, cotton fibers by
freeze substitution, and analysis of the results by electron
microscopy is in progress, C.H. Haigler and R.W. Seagull
and coworkers, unpublished). Once the secondary wall be-
gins to be deposited, further elongation in those zones is
unlikely. Therefore, the phase of elongation that continues
after secondary wall thickening begins may well occur ex-
clusively by tip growth (Delmer et al., 1992; Meinert and
Delmer, 1977). It has been suggested that secondary wall
thickening begins in the middle of the fiber (Ryser, 1985),
which would leave the tip free to elongate. There is intracel-
lular spatial control over secondary wall deposition within
one fiber because the foot of lint fibers extending into the
epidermis is not extensively thickened (Berlin, 1986), a fac-
tor that also explains the ability of the lint fibers to break
off during ginning. The possible exclusive use of tip growth
for later stages of fiber elongation is consistent with the in-
creased sensitivity of later stages of elongation (excluding
initiation) to cool temperatures (Stewart, 1986).

Final elongation by tip growth leads to some of the
longest plant cells known, specifically the primary extrax-
illary fibers of ramie that can be up to 21.65 inches long
(6.5 inches on average). These fibers elongate first by in-
tercalary growth (as the cells expand along with the whole
tissue) then finally by only intrusive tip growth, which can
continue for months (Fahn, 1990). Since cotton fiber elon-
gation ceases long before cell death, there must be a geno-
typically-controlled length limit that might be overcome,
for example by blocking the signal to end elongation by
putative late-stage tip growth. It has been suggested that the
extent of late tip-growth may be variable between variet-
ies and represent a key to length determination (Delmer e?
al., 1992; Meinert and Delmer, 1977). Even in long-staple
Pima with a prolonged elongation period, elongation only
ended when 90% of fiber weight was attained (Schubert et
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al., 1976). The power of this genotypically-controlled sig-
nal for the end of elongation is illustrated by the fact that, in
in vitro fibers under 34/22°C cycling, the elongation period
is prolonged until the same length is attained as fibers grow-
ing at the in vitro optimum of constant 34°C (Haigler et al.,
1991). The same results have also been obtained in a more
prolonged experiment for 34/15°C cycling (C. H. Haigler
and J.-Y. Huang, unpublished). These in vitro findings par-
allel results from field studies showing prolonged elonga-
tion periods under lower average temperatures (Thaker,
1989). Interestingly, exceptionally long primary phloem
fibers are multinucleate (Fahn, 1990) whereas cotton fibers
are mononucleate, so the limit to length could arise by sev-
eral mechanisms.

4.4 Signals to End Elongation

It has been suggested, based on studying 3 cotton culti-
vars (two G. hirsutum and one G. barbadense), that a delay
in onset of secondary wall deposition may lead to longer
fibers (Beasley, 1979), possibly because the dual interca-
lary/tip-growth mechanisms can operate longer. Very simi-
lar results for G. barbadense (Schubert et al., 1976) and G.
hirsutum (Jasdanwala et al., 1977) indicate that about 80%
of fiber length was attained before secondary wall thick-
ening commenced between 18 and 21 DPA (as indicated
by the beginning of rapid increase in fiber weight/length).
Therefore, the onset of the wall thickening phase is corre-
lated with a decrease in elongation rate in currently avail-
able cultivars, perhaps because intercalary growth ceases
at that time. There is no mutant available lacking all wall
thickening to disprove the idea that the onset of wall thick-
ening limits elongation, since even the imim immature fiber
mutant undergoes substantial wall thickening before the
process shuts down prematurely, with rapid elongation end-
ing just as wall thickening starts (Kohel et al., 1974).

Peroxidases can have multiple cellular roles that im-
pact fiber length, including oxidation of free auxin, which
is required for elongation (Rama Rao et al., 1982b), me-
diation of cross-linking leading to wall rigidification that
might hinder elongation by intercalary growth (Rama Rao
et al., 1982b; Thaker et al., 1986; John and Stewart, 1992),
and generation of hydrogen peroxide (via NADH-linked
malate dehydrogenase) that could be an intracellular sig-
nal for onset of secondary wall deposition (Delmer et al.,
1995). As elongation ceases, there is an increase in both
cytoplasmic and wall-bound peroxidases (Rama Rao et al.,
1982b; Thaker et al., 1986), but we do not know what, if
any, causal role these enzymes play in slowing elongation.

Even in short growing seasons, there is usually suffi-
cient time for the apparent elongation potential of current
cultivars to be achieved. However, it remains possible that
these fibers would become longer if the thickening phase
were delayed so that the highest rate elongation (by dual in-
tercalary and tip growth?) could continue for a longer peri-
od. Supporting this possibility, ramie primary phloem fibers
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that elongate both by intercalary and tip growth achieve
average lengths of 6.5 inches, whereas secondary phloem
fibers that elongate only by tip growth achieve average
lengths of only 0.6 inches (Fahn, 1990). A goal to prolong
rapid elongation would have to be balanced with allowing
sufficient time to achieve a mature fiber before the frost-in-
duced end to the growing season. Near-isogenic lines have
been identified that vary by 4 to 5 days in time of onset of
secondary wall deposition under the same environmental
conditions, and these can be analyzed to determine if fi-
ber length increases and may allow identification of critical
“developmental timing” genes (Triplett, 1992).

S. MATURITY

Secondary wall thickness, or maturity, of the cotton fi-
ber contributes to single fiber strength of dried fibers (see
section 4.1) and to greater dyeability. At present, the only
routine method of assessing maturity is through the compos-
ite index of micronaire (described in section 3), but an inde-
pendent assessment method that can be applied in routine
cotton grading is needed (Bradow et al., 1996). Increased
maturity is generally desirable up to the limit when an over-
ly thick wall would limit the fiber flexibility that confers
valuable textile properties. The micronaire range of current
commercial cultivars falls between 3.5 and 5.0, with the
premium price range established for micronaire of 3.6 to
4.2 (Chewning, 1992). An optimal fiber for modern spin-
ning systems would have fineness of 120 to 140 mtex with
micronaire between 3.2 and 3.9 (Deussen, 1992).

Fiber thickening is accomplished by deposition of cel-
lulose inside the primary wall so that the secondary wall
progressively fills the lumen. This phase begins about 12 to
22 DPA and continues until 35 to 55 DPA depending on cul-
tivar and environment (Schubert et al., 1976, Thaker et al.,
1986; Haigler, 1991) (see also below). The mature fiber wall
is composed of about 95% cellulose (Meinert and Delmer,
1977; Benedict et al., 1992), and the dilution effect of the
cellulose-poor primary wall indicates that the secondary
wall must be almost pure cellulose. [The dilution effect of
the secondary wall on primary wall properties can be docu-
mented by sequential analysis over time of the concentration
of Ca"" by X-ray fluorescence spectroscopy since Ca™ is
extensively cross-linked only in the primary wall (Wartelle
et al., 1995).] Although the percent protein in the wall de-
creases dramatically with the onset of wall thickening, avail-
able data suggest the possibility of continued deposition of
protein in the wall during the thickening phase since the
percentage (about 2%) and amount of protein (0.6 ng/mm)
did not decrease between 18 and 20 DPA (the last day of
analysis) (Meinert and Delmer, 1977). The mRNA coding
for a proline-rich protein that may belong to the arabino-
galactan protein group has been identified, and it has been
hypothesized that the protein could participate in secondary
wall assembly (John and Keller, 1995).

Haigler

The cellulose is in the form of structural microfibrils
crystallized from high molecular weight B-1,4 glucan chains
in extended, parallel chain conformation (predominantly the
cellulose I allomorph). As is typical for higher plants, 60 to
80% of cotton cellulose is in a crystallographic sub-class of
cellulose I called cellulose Ip (Atalla and VanderHart, 1984;
O’Sullivan, 1997). The deviation of this value from 100%
may, in part, relate to the lower crystalline order of micro-
fibrils in the primary wall (Chanzy et al., 1978, Herbert,
1992). The synthesizing apparatus is localized at the plasma
membrane/cell wall interface, and the cellular organization
of the enzymes modulates the size and crystallinity of the
microfibrils that form. One crystalline microfibril may form
from one synthetic complex, or from two or more in a close
group since the temporal gap between chain polymeriza-
tion and crystallization gives chains from closely spaced
synthetic sites the potential to mingle before crystallization
(Haigler, 1985, 1991, 1992; Blanton and Haigler, 1996). As
will be discussed further in the section on fiber strength,
the crystallization process is moderated by the density of
synthetic sites and the abundance of matrix components.
Individual crystalline microfibrils may associate further by
hydrogen bonding along their surfaces into larger bundles,
and this occurs during fiber primary and secondary wall
synthesis so that loose bundles of microfibrils are visible
(Willison and Brown, 1977).

5.1 Regulation of the Transition to Fiber

Thickening

We are only now obtaining evidence about the signals
that regulate the transition to the maturation phase. The sig-
nals operate on a seed basis, since onset of fiber second-
ary wall synthesis correlates both with timing of embryo
expansion (DeLanghe, 1986) and with onset of secondary
wall deposition in non-fiber ovule epidermal cells (Berlin,
1986; Stewart, 1986). As mentioned earlier, it has been hy-
pothesized that an oxidative burst and associated synthesis
of H,0, could regulate the transition (Delmer et al., 1995).
Two genes for small GTPase Rac proteins are up-regulated
in fibers between 14 and 24 DPA (Delmer et al., 1995). In
addition to possible roles in binding actin to mediate the
change to a helical microtubule array at the primary to sec-
ondary wall transition, Rac proteins can activate NADPH
oxidases, resulting in production of H,O, (Delmer et al.,
1995). Evidence has recently been obtained that H,0O, (a
diffusible signal that could have pleiotropic effects in the
seed) is produced in cotton fibers coincidentally with onset
of secondary wall deposition. Furthermore, antagonism of
H,O, synthesis or its premature addition have the effects
of delaying or prematurely inducing fiber secondary wall
synthesis, respectively (T. Potikha et al., 1999). The activ-
ity of malate dehydrogenase in fibers correlated negatively
(r=-0.47) with micronaire, wall thickness, and maturity in a
study of 24 cotton cultivars (Kloth, 1992). Does this result
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suggest that the higher activity of this enzyme, which is in-
volved in generation of turgor pressure to drive elongation,
is associated with delayed onset of secondary wall deposi-
tion? Environmental conditions also factor into the signal-
ing system for onset of fiber thickening, since cool night
temperatures will cause a delay in its onset (e.g., from 12 to
22 DPA) (Thaker et al., 1986; Haigler et al., 1991).

The developmental signals are translated into expres-
sion of particular fiber genes as required to accomplish sec-
ondary wall synthesis. The genes may code for unique pro-
teins (or unique isoforms) not required previously in fiber
development or mediate up-regulated synthesis of proteins
already in the fiber. A tubulin gene has been reported to be
up-regulated at the primary to secondary wall transition
(Delmer et al., 1992), which correlates with the unique ap-
pearance of two B-tubulin isotypes in secondary wall stage
fibers (Dixon et al., 1994). A probable cellulose synthase
gene is up-regulated between 14 and 17 DPA and remains
strongly expressed throughout the duration of fiber develop-
ment (Pear et al., 1996). The amount of a membrane-bound
sucrose synthase also increases during fiber development
(Amor et al., 1995) (see section 5.2 for further discussion).
Finally, a gene with unknown function, FbL2A, is up-regu-
lated at the transition between primary and secondary wall
synthesis (Rinehart ef al., 1996).

5.2 Two Phases of Fiber Thickening

The onset of secondary wall deposition is often inter-
preted as the time when fiber weight per unit length begins
to increase. However, detailed analysis of fiber wall com-
position has indicated that the first period of wall thicken-
ing (12 to 16 DPA in one experiment) is accomplished by
continued synthesis in the same proportions of all the pri-
mary wall components, including cellulose, pectin, xylo-
glucan, and protein (Meinert and Delmer, 1977). These data
are consistent with increasing wall birefingence while the
cellulose microfibrils remain transversely oriented in the
primary wall pattern (Seagull, 1986). Next, a more cellu-
lose-rich wall begins to be deposited (Meinert and Delmer,
1977), probably corresponding to the winding layer laid
down between approximately 16 and 22 DPA (Maltby et al.,
1979). True secondary wall deposition and the highest rate
of cellulose synthesis commences around 24 DPA after all
elongation has ceased (Meinert and Delmer, 1977). An im-
mature cotton fiber mutant (imim) has been identified with
arecessive, single-locus genetic lesion that prevents the last
phase of cellulose synthesis so that cell wall thickening (as
seen by electron microscopy, Benedict, personal commu-
nication) is initiated but cannot be completed (Benedict et
al., 1994, Kohel et al., 1974). Final fiber dry weight in imim
was 66.7% of the TM-1 parent and crystalline cellulose
content was reduced by 77.5% (Benedict et al., 1994).

The biochemical and molecular regulation of cellulose
synthesis are at the heart of a full understanding of control
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of fiber maturity. Research in these areas has just reached
a critical stage where new findings should allow rapid fu-
ture progress (Delmer and Amor et al., 1995; Blanton and
Haigler, 1996; Brown et al., 1996; Kawagoe and Delmer,
1997; Delmer, 1999). Evidence has been obtained to sug-
gest that membrane-bound sucrose synthase (see section
4.1 for an introduction to this enzyme) is required to chan-
nel UDP-glucose to the cellulose synthase to support the
polymerization of cellulose during secondary wall synthe-
sis in cotton fibers (Delmer, 1994; Amor et al., 1995). This
hypothesis is consistent with previous experiments based
on feeding exogenous substrates including sucrose to cot-
ton fibers (Pillonel ef al., 1980; Buchala and Meier, 1985)
and with previous evidence that sucrose synthase had a pos-
sible role in cell wall biosynthesis (Rollit and Maclachlan,
1974; Chourey et al., 1991). It is also consistent with the
demonstration of a functional symplastic continuum pass-
ing through plasmodesmata at the fiber foot between the
phloem-unloading region of the cottonseed and the fibers
(Ryser, 1992; Ruan et al., 1997). Production of UDP-glu-
cose through cleavage of sucrose-by-sucrose synthase
rather than through pyrophosphorylase reactions would be
energetically and biochemically favorable (Delmer, 1994;
Amor et al., 1995; Delmer, 1999). Strong candidates for
cellulose synthase genes have also been identified in cotton
fibers (Pear ef al., 1996). Differential gene expression and/
or changes in enzyme activity may account for different
rates of cellulose synthesis that occur within the thickening
period (Meinert and Delmer, 1977; Pear et al., 1996).

5.3 Relationship to Fiber Absorptivity

and Dyeability

The increasing thickness of the wall increases the mass
available to absorb water and bind cellulosic dyes, but the
increased crystallinity of the secondary wall cellulose (see
section 6.3) implies that absorptivity and the binding of dye
per unit area of wall is reduced. Crystallite size and water
and dye absorption are inversely related, since higher crys-
tallinity decreases the number of accessible glucan chain
hydroxyl groups on microfibril surfaces (Rowland and
Bertoniere, 1985). Raw cotton has 95% of its pores (spaces
between microfibrils and on the surfaces of crystalline mi-
crofibrils that can hold water and dyes) with dimensions less
than 10 nm, and the larger pores are preferentially eliminat-
ed upon processing (scouring) in alkali although total pore
volume increases (Zahn, 1988). Mercerization of cotton fi-
ber also results in increased dyeing capacity and absorption
because the native cellulose I crystallites are disrupted, then
replaced with recrystallized cellulose II with a lower degree
of order (Rowland and Bertoniere, 1985).



42

5.4 Effect of Temperature on Fiber

Thickening

Fiber maturity is affected greatly by environment, par-
ticularly cool night temperature (Haigler, 1992; El-Zik and
Thaxton, 1994; Haigler et al., 1994) because cellulose syn-
thesis is greatly hindered by cool temperatures. Cellulose
synthesis in the seed and fiber responds more severely
than respiration to cool temperature stress in G. hirsutum
cv. Acala SJ-1; cellulose synthesis has an apparent Q) =
4 between 18 and 28°C, whereas respiration has an appar-
ent Q= 3 (Roberts ef al., 1992). Similarly, in G. arbo-
reum, cellulose synthesis in the fiber has an apparent Q=
6 between 15 and 25°C, whereas callose synthesis has an
apparent Q, = 2.3 (Pillonel and Meier, 1985). Many plant
enzymatic processes such as respiration and the dark reac-
tions of photosynthesis have Q, = 2 to 3 in the physiologi-
cal temperature range (Fitter and Hay, 1987); therefore, cel-
lulose synthesis appears more temperature sensitive than
many other processes.

Fibers maturing under cool night temperatures (e.g.,
22°C) have rings in the secondary wall that are revealed
in cross-sections subjected to chemical swelling. Each ring
indicates a slower period of cellulose deposition. For old
and new commercial cotton cultivars, cellulose synthesis
at 15°C (a typical night temperature in northerly growing
regions) occurs at only 12 to 26% of the control rate at 34°C
(a typical day temperature) (Haigler ef al., 1994). This di-
urnal change in rate of cellulose synthesis occurs without
any effect of the light/dark cycle (reviewed in Haigler et al.,
1991). The rings appear in the fiber wall after swelling be-
cause the cellulose synthesized during the cool night swells
differently than the cellulose produced during a warm day
(DeLanghe, 1986), suggesting an as yet undefined change
in the cellulose physical properties. There is no definitive
evidence to indicate whether or not the presence of rings re-
duces individual fiber strength, but bundle strength based on
an equal mass of fiber is not reduced (Haigler et al., 1991).
The presence of rings does indicate an increased chance of
fiber immaturity in a short growing season, since only part
of each 24 hour period has been used efficiently to thicken
the fiber wall (Gipson, 1986).

The temperature effect observed in field-grown fibers is
also observed in ovules with attached fibers cultured with
constantly available substrate (glucose, which is preferred
by in vitro cultures) in incubators under cycling tempera-
tures, indicating that a large part of the cool temperature
hindrance of cellulose deposition occurs in the ovule and/or
fiber itself (Haigler et al., 1991). Build-up of glucose-6-P at
15°C, which is likely part of a partially adaptive mechanism
as observed in other plants (Labate and Leegood, 1989), oc-
curs inside the fibers of ovules cultured on glucose (Haigler
et al., 1994). These data also suggest the existence of a ma-
jor temperature block in the cellulose biosynthesis pathway
beyond the formation of glucose-6-P in cultured fibers. The
cellulose biosynthetic pathway is likely to represent a point
for future improvement in resistance of fiber development
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to cool temperature stress, and work is in progress through
biochemical and molecular testing methods to identify
which steps in the pathway are most cool temperature sen-
sitive (C.H. Haigler and coworkers, unpublished).

The problem of potential fiber immaturity in a short
growing season is often made worse by chemical defoliation
of cotton plants prior to harvest so that boll development
is abruptly ended by photosynthate deprivation (Lewis,
1992). In contrast, fiber developing under excessive heat
can develop a wall that is too thick (has high micronaire),
leading to excessive rigidity, poor spinability, and discounts
in the selling price. This problem could be helped by chemi-
cal defoliation at the right time, but there is no reliable way
to choose the time (Lewis, 1992), especially given the vari-
ability in boll development across the whole plant (Bradow
etal., 1996).

5.5 Signals to End Fiber Thickening

The period of fiber thickening is flexible within a ge-
netically constrained range within and between cultivars.
For example, cool night temperatures result in a prolonged
period of secondary wall thickening (up to 60 DPA if the
growing season is long enough) until the apparent genetic
potential for maturity of a cultivar is reached (Thaker e? al.,
1989; Haigler et al., 1991). Since cool night temperatures
also prolong the elongation period, it is possible that the ul-
timate developmental signals are inherent in the fiber, being
a mass- or size-based system (Schubert ef al., 1976; Basra
and Malik, 1983). This speculation is supported by the ob-
servation that direct attempts to determine fiber expansion
mechanisms by attaching small beads to the surface fail
because the fiber stops growing (Seagull, 1995), perhaps
because the extra mass is a signal to end fiber development.
Also G. barbadense, with its prolonged elongation period
and longer overlap between elongation and thickening com-
pared to G. hirsutum, has finer fibers and thinner second-
ary walls (Schubert et al., 1976). Finally, we do not know
whether a true autolytic event occurs to end fiber develop-
ment (see discussion in Delmer, 1999) or whether it stops
due to fiber dehydration when the boll opens. This question
is of obvious importance; if an autolytic event occurs and
could be delayed, fiber maturation might be enhanced.

6. STRENGTH

Fiber strength refers to the ability of the fiber to with-
stand a load before breaking (Rebenfield, 1990). Fiber bun-
dle strength (as indicated by yarn strength) has a strong ge-
netic component with 71% of observed variability depend-
ing on variety (Meredith, 1992a, b). Furthermore, there is
evidence from breeding research that one or a few genes
are major controllers of strength (Meredith, 1992b). In nu-
merous past studies, fiber strength has been correlated with
fiber length, fiber fineness, cellulose molecular weight, mi-
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crofibril orientation, frequency and distribution of reversals
in the microfibril helix, fiber convolution frequency, and
fiber surface properties (Meredith, 1992; Triplett, 1993).
However, we do not know how the cell controls any of these
parameters at the level of gene regulation, enzyme activity,
or cellular processes (Lewis, 1992; Lewis and Benedict,
1994). Research is active on the cellular and genetic de-
terminants of fiber strength because further improvement
in strength is highly desired by the textile industry, espe-
cially to maintain the competitiveness of cotton compared
to stronger synthetic fibers such as polyester (McGovern,
1990). This demand is driven by factors such as: (a) more
extensive use of high-speed rotor spinning, which demands
higher single fiber strength to produce stronger yarns; (b)
consumer preferences for fine fabrics without neps arising
from tangled and broken fibers; and (c) demand for wrinkle-
free cotton fabric, which at present can only be produced
through by treatments that weaken the yarn (Arthur, 1990;
Deussen, 1992). The discussion below will emphasize sec-
ondary wall properties that impact fiber strength.

It is important to clarify whether bundle strength or
single fiber strength is being discussed in any particular
case; each of these has importance to the textile industry,
but high bundle strength and high individual fiber strength
reflect at least partially different combinations of fiber char-
acteristics. For example, high bundle strength (breaking
force of a known weight of fibers) can be obtained from a
bundle of more numerous immature fibers, each of which
could be shown to be weak on an individual fiber basis. It
is the weak individual fibers that cause the breakage and
tangling leading to nep formation. It is also important to
clarify which measurement of strength is being used when
different studies are compared. Some of the most common
strength measurements (Sasser, 1992) and their synonyms
are summarized below:

+ single fiber breaking force (g)

- The force required to break a single clamped fiber.

- synonyms: breaking stress, fiber breaking load,
force-to-break

- typical values: 4-8 g at 1.8 inches (3.2 mm) gage (or
clamping) distance

* bundle strength (g/tex)

- The force required to break a bundle of fibers that is
one tex unit in size. (See section 3 for explanation of
the tex unit.) Use of this unit allows comparison of
strength between varieties with different fiber fine-
ness (Booth, 1968).

- synonyms: tenacity, breaking strength, tensile
strength, specific strength

- typical values: 25 to 50 g/tex
» breaking extension (%)

- The extension of the fiber as a percentage of its orig-
inal length at the breaking point (extension/original
length x 100). This unit is useful for comparing
strength of different fiber structures, for example
single fibers and yarns (Booth, 1968).
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- synonyms: breaking elongation, ultimate elonga-
tion, elongation-at-break
- typical values: 5 to 15%

6.1 Relationship to Stages of Fiber

Development

Understanding how each stage of fiber development
contributes to strength is critical for future efforts to im-
prove strength by targeted genetic engineering. The strength
of the fiber is derived from its cell wall, which becomes
thicker during development, and, as will be discussed fur-
ther below, comes to contain cellulose in higher percentage
and with increasing microfibrillar order, molecular weight,
fibril size, % crystallinity, and orientation parallel to the
longitudinal fiber axis.

Superficially and based on older data (reviewed in
Lewis and Benedict, 1994), the thin primary wall and wind-
ing layer (about 0.1 to 0.5 pm thick) would seem to be such
small mass components of the final fiber wall (up to 6 pm
thick) that they might be disregarded in terms of the origin
of strength. However, recent work demonstrates that these
early stages are important for the development of bundle
strength, but not single fiber breaking force.

When micronaire and bundle strength (HVI) were com-
pared in developing fiber hand-harvested from green bolls,
it was shown that micronaire development lagged strength
development, suggesting that about 50% of bundle strength
was determined by the end of the primary to secondary wall
transition before extensive fiber wall thickening (Lewis and
Benedict, 1994). Similarly, the linear density (dependent on
the number and weight of fibers in a 1.5 cm bundle), single
fiber breaking force, and bundle strength of 14 DPA fibers
were 28%, 16%, and 57%, respectively, of values for mature
fibers (Herbert, 1993). Since the number of fibers leading to
the linear density values would not change appreciably be-
tween 14 DPA and maturity, these results indicate that 57%
of the bundle strength had been obtained when the wall was
less than 30% of its final thickness (based on 28% linear
density value). In contrast, by 19 DPA (when fibers were
assumed to still contain mostly primary wall) only 12.5%
of the single fiber breaking force of mature fibers had been
attained (Tsuji et al., 1992).

In a study where bundle strength and single fiber break-
ing force were directly compared, bundle strength reached
its maximum earlier (by 21 DPA, when cell walls are still
quite thin with no obvious secondary wall deposition)
than single fiber breaking force (Hseih, 1994; Hseih et al.,
1995). The single fiber breaking force of dried fibers in-
creased the most rapidly (from 1.5 to 3g) between 27 and 29
DPA (coincident with the sharpest rise in tex and onset of
rapid secondary wall thickening as shown by electron mi-
croscopy) and continued to increase more slowly until the
end of fiber development (to 4g). (Onset of rapid second-
ary wall thickening was late in this study due to unknown
reasons since greenhouse conditions were not specified.) In
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the same study, the single fiber breaking force of wet fibers
went up sharply after 25 DPA to reach its maximum at 27
DPA (from 2 to 5 g). The different observations for wet and
dried fibers may relate to the lower strength of dried fibers,
which cannot absorb strain as well as wet fibers because
intermicrofibrillar slippage is hindered by more extensive
hydrogen bonding (Hearle, 1985).

Therefore, the deposition of the winding layer at the pri-
mary to secondary wall transition may contribute most of
the single fiber breaking force of wet fibers, with increased
thickness of the cellulosic secondary wall (fiber maturity)
contributing significantly to single fiber breaking force in
dried fibers. (Properties of dried fibers are more important
to consider for practical purposes since these are spun into
yarn.) This hypothesis is consistent with the fact that bolls on
lower branch positions, which were in the shade, had lower
single fiber breaking force, probably because they were less
mature (Hseih et al., 1995). It is also consistent with a 60.2%
reduction in single fiber breaking force of immature second-
ary walls of the imim mutant (Benedict et al., 1994).

6.2 Microfibril Orientation

The orientation of cellulose microfibrils impacts the
mechanical deformation properties and strength of the fi-
ber. The orientation of microfibrils relative to the long fi-
ber axis (described by an angle of deviation from that axis)
changes throughout fiber development as shown in Fig. 4-1:
(a) during primary wall synthesis they are approximately
transverse (70° angle); (b) in the winding layer synthesized
at the primary to secondary cell wall transition they shift
slightly toward longitudinal (45 to 55° angle); and (c) dur-
ing secondary wall synthesis they become increasingly
longitudinal (45° shifting to about 20° final angle) (Arthur,
1990; Rebenfield, 1990). The microfibrils also show rever-
sals at intervals in the handedness of their helical winding
around the fiber circumference. Reversals occur up to about
100 times over the length of the fiber, with the absolute
number determined by interaction of genotype and envi-
ronment (Rebenfield, 1990). Finally, when the hollow fiber
dries, it twists about its own axis, forming convolutions.
The convolutions must arise due to crystalline microfibrils
in their native state, since they disappear upon merceriza-
tion (Rebenfield, 1990).

The net microfibril orientation in a dried cotton fiber
is affected by the convolutions; (Rebenfield, 1990) and is
quantitated by average X-ray fibril angle, which is deter-
mined from the angle between half maximum intensity of
the cellulose 002 diffraction arc arising from an oriented fi-
ber bundle and the equator of the diffraction pattern (Hebert,
1992). Lower fibril angle in cotton correlates with higher
elastic modulus (implying less extensibility or extension to
break) and higher tenacity. Conversely, higher fibril angle
indicates less spring-like extension potential and correlates
with lower elastic modulus (implying less extensibility) and
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Figure 4-1. Cartoon of the layers of a mature cotton
fiber showing direction of cellulose microfibril
orientation. Cyt = cytoplasm; sw = secondary wall;
wl = winding layer; pw = primary wall; and ¢ = cuticle.

higher tenacity (Rebenfield, 1990). Therefore, fiber matura-
tion is correlated with increasing elastic modulus (less ex-
tensibility) and strength. Others have argued that differenc-
es in tenacity between cotton varieties are not specifically
due to changes in X-ray angle, but rather to differences in
the frequency and handedness of the convolutions since the
first event upon stretching is straightening of the convolu-
tions (Hearle, 1985). Other physical properties correlated
with fibril angle include resilience, work, recovery, and
permanent set. Cotton fiber shows the same correlations be-
tween fibrillar orientation and strength as man-made fibers,
but cotton has the highest orientation (Rebenfield, 1990).

6.2.1 What Determines Microfibril

Orientation?

There is substantial evidence that cortical microtubules,
which are fibrous cytoskeletal elements underlying the plas-
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ma membrane, establish the overall orientation of the mi-
crofibrils (and crystallites) in cotton fibers, even paralleling
microfibrils through reversal points (Seagull, 1986, 1989b,
1990a, 1992a, b, 1993; Yatsu and Jacks, 1981; Quader,
1987). This finding for cotton fibers is similar to results
from many other plant cells (Seagull, 1989a, 1991). The
correspondence between microtubule and microfibril angle
is close, but not exact (Seagull, 1993), emphasizing that we
do not yet understand the mechanism that links microtu-
bule and microfibril orientation (Giddings and Staehelin,
1991; Seagull, 1989b). Nonetheless, the organization of
microtubules has a substantial impact on fiber strength. In
experiments in which the microtubule antagonist colchi-
cine was injected into developing bolls, fibers with disor-
ganized secondary walls formed near the injection site and
these fibers showed reduction in bundle strength (tenacity)
to 39.4 g/tex compared to 57.1 g/tex in the control (Yatsu,
1983). Colchicine caused substantial disruption of cotton
microtubules with corresponding disruption in the patterns
of microfibril deposition (Seagull, 1990a; Yatsu and Jacks,
1981).

Tubulin synthesis and microtubule assembly are regu-
lated dynamically in parallel with cotton fiber development.
Among numerous isotypes of tubulin (the protein mono-
mers of microtubules) in cotton fibers, four are unique to fi-
bers with two a-tubulin isotypes and two B-tubulin isotypes
appearing uniquely in 10 and 20 DPA fibers, respectively
(Dixon et al., 1994). The overall abundance of tubulin also
increases about 3 times between 10 and 20 DPA in close
approximation to the increasing length of the cell over that
time (Kloth, 1989). Between primary wall synthesis (2 to
19 DPA) and secondary wall synthesis (30 to 36 DPA), the
number of microtubules (indicated by number of microtu-
bule ends observed in thin sections) increased 4 times and
the microtubules also became about 4 times longer (Seagull,
1992b). The existence of more numerous and longer micro-
tubules at the secondary wall stage of fiber development
correlates with increased cellulose biosynthesis activity
(Meinert and Delmer, 1977).

Furthermore, evidence has been obtained that an un-
disturbed actin network is required to maintain the micro-
tubules in the transverse orientation during primary wall
synthesis; if actin antagonists are applied for brief periods,
the microtubules reorient prematurely into an angled helix.
Over longer periods of application to relatively young fi-
bers, actin antagonists cause completely randomized mi-
crotubules followed by disordered microfibrils. Older fibers
are more resistant, indicating that the effect of actin on mi-
crotubules may be transient in fiber development (Seagull,
1990a). This possibility correlates with the maximum ex-
pression of genes for proteins known to associate with ac-
tin (Racs) at the transition between primary and secondary
wall synthesis (17 DPA) (Delmer et al., 1995). The actin
networks visualized so far do not mirror microtubule ori-
entation, since actin filaments exist as a longitudinal net-
work during secondary wall deposition along with a finer
3-D network of actin (Quader et al., 1987; Seagull, 1990a,
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1993). Cytoskeletal organization changes dramatically co-
incidentally with major shifts in fiber development that are
in turn critical determinants of fiber properties; thus, manip-
ulation of this regulation could be a future target for genetic
engineering to change fiber properties (Seagull, 1992a).

6.3 Cellulose Crystallite Size and

Percent Crystallinity

The size and degree of perfection of cellulose crystals
determine the crystallite size and percent crystallinity, re-
spectively. Both cellulose crystallite size and percent crys-
tallinity depend on the extent of aggregation and crystalliza-
tion of cellulose with itself, factors that ultimately depend
on how many cellulose chains are synthesized in close prox-
imity and the abundance of other molecules that could in-
terfere with their co-crystallization (Haigler, 1991). The rib-
bon-like conformation of B-1,4-linked cellulose predisposes
chains synthesized in close proximity and in the absence
of interfering molecules to crystallize in parallel orientation
because of hydrophobic interactions between the flat faces
of pyranose rings that are then stabilized by intra- and inter-
molecular hydrogen bonds (Nevell and Zeronian, 1985).

One study by freeze fracture electron microscopy of the
putative synthetic sites for cotton fiber cellulose microfibrils
showed that circles (called rosettes) of 6 intramembrane
protein aggregates moderately increased their density at 20
to 22 DPA (0.8 to 1.7 um?) compared to 10 DPA (0.05 to 0.2/
um?). Another membrane structure that is perhaps related to
cellulose synthesis, the microfibril terminal globule that ap-
pears in the opposite half of the fractured plasma membrane
bilayer from the rosette, showed a greater density of 5 to
10/um? during secondary wall synthesis (Willison, 1983).
(For reviews of membrane structures associated with cel-
lulose biosynthesis, see Emons, 1991; Delmer and Amor,
1995; Blanton and Haigler, 1996). However, either of these
densities is far lower than in tracheary elements that are
rapidly depositing a wall composed of only about 50% cel-
lulose (190 rosettes/um?) (Herth, 1985). It is possible that
the stresses of sampling and preparing the long cotton fibers
for examination by freeze fracture resulted in disappearance
of synthetic sites, which are known to be quite labile to cell
disturbance (Herth, 1989).

The cotton primary wall contains less than 24% cel-
lulose embedded in a matrix of other polysaccharides and
protein (Meinert and Delmer, 1997). Widely spaced rosettes
together with the abundant matrix components probably
limit microfibril and crystallite size to being less than or
equal to the glucan chain bundle produced by one rosette-
based synthetic site; very small cellulose microfibrils with
low crystallinity have been observed in cotton fiber primary
walls (Chanzy et al., 1978). In contrast, during cellulose-
rich secondary wall deposition rosettes are likely to be
more dense and matrix molecules more sparse (<5% of wall
weight; Meinert and Delmer, 1977) so that extensive glucan
chain co-crystallization is promoted. However, a layer of p-
1,3-glucan between the plasma membrane and the wall into
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which microfibrils are first spun could still hinder extensive
inter-microfibrillar aggregation and co-crystallization with-
out the B-1,3-glucan becoming incorporated into the wall
since its molecular conformation is different from cellulose
(Waterkeyn, 1981; Haigler, 1992).

The overall ordering of cellulose microfibrils within the
wall increases during the secondary wall stage of develop-
ment (Hsieh et al., 1997; Hu and Hsieh, 1996), a finding
that is consistent with the developmental change to a cel-
lulose-rich wall. Cotton cellulose crystallite size (reflecting
the dimensions of the perfect crystalline lattice, not includ-
ing possible poorly-organized surface chains) has been
determined to be as high as 5.5 nm by small angle X-ray
scattering and X-ray line broadening (Ryser, 1985). In a
more recent study of G. hirsutum cv. Acala SJ-2, minimum
crystallite size in the lattice planes of the microfibril sur-
faces (L101 and L101) were estimated by the line broaden-
ing method to reach 3.5 nm at fiber maturity (Hu and Hsieh,
1997). Using current data on cellulose I crystalline packing
(Sugiyama, 1985) and models suggesting that rosettes are
associated with the synthesis of 36 glucan chains (Brown
et al., 1996), the 3.5 nm crystallite size might be consis-
tent with a crystallite formed by only one rosette-based
synthetic site (3.5 nm predicts 30 to 42 chains within the
crystallite), but the larger 5.5 nm estimate would require
co-crystallization of at least 80 to 100 glucan chains, prob-
ably arising from 3 rosettes. More reliable freeze fracture
views of cotton fiber membranes engaged in secondary wall
synthesis will be required before we know whether there is
an apparent biological basis for co-crystallization of chains
from multiple, closely-packed rosettes (e.g., regular occur-
rence of groups of rosettes).

Both crystallite size and percent crystallinity increased
between the primary and secondary wall stages of fiber de-
velopment (Tsuji et al., 1992; Hu and Hsieh, 1996), making
a contribution to increased fiber strength. In mature cotton
fibers, percent crystallinity is 50 to 60%, a range that was
established by 19 DPA in one study and did not change ap-
preciably upon drying (Hirai et al., 1990; Tsuji et al., 1992).
[Note that the apparent % crystallinity of cotton fiber cel-
lulose ranges from 58 to 95% depending on the measuring
method used (Benedict e al., 1992).] Another study showed
that crystallite size and % crystallinity of the cellulose in-
creased rapidly from 21 to 34 DPA (including the first half
of secondary wall thickening) then remained approximately
constant for the duration of the thickening phase (Hu and
Hsieh, 1996). However, since the whole fiber was analyzed,
these results could reflect the increasing predominance of
the secondary wall material (diluting out the primary wall)
rather than a significant change in the character of the cellu-
lose as thickening progresses. Measurements of single fiber
breaking force of different ages of fibers between 21 and 28
DPA showed a positive correlation with increasing average
crystallite size in G. hirsutum cultivars SJ-2 and Maxxa.
A less positive correlation exists for overall crystallinity
(Hsieh et al., 1997). Therefore, the addition of secondary
wall cellulose of higher crystallite size does contribute to
higher fiber strength.

Haigler

6.4 Cellulose Molecular Weight

The molecular weight of the cellulose chains within
the microfibrils is also a potential contributor to strength.
A non-degradative method was developed for solvating all
of the polymers in the cotton fiber wall before molecular
weight analysis (Timpa, 1991, 1992). Since the cotton sec-
ondary wall is almost pure cellulose, this method gives an
accurate measure of molecular weight of secondary wall
cellulose and a degree of polymerization (DP) can be cal-
culated for the homopolymer. In contrast, the method es-
tablishes an approximate value for the molecular weight of
cellulose but a DP cannot be calculated because cellulose
is solvated along with the other matrix polysaccharides.
These data showed that the molecular weight of cellulose
increases from < 1.4 x 10° daltons at the primary wall stage
to about 2.5 x 10° daltons at the secondary wall stage of
fiber development, although some higher molecular weight
material appears as early as 8 DPA (Timpa and Triplett,
1993). The secondary wall cellulose would then have a cal-
culated DP = 15,000, which corresponds to a chain length
of 7.2 pm (Timpa, 1992) or about 1/2 to 1/4 the perimeter
of the cotton fiber. (It is important to note that microfibrils
are likely longer than 7.2 um because of the random ends
of individual glucan chains within them.) Comparing three
cotton cultivars, increasing HVI bundle strength correlated
positively with increasing cellulose peak molecular weight
(Timpa and Ramey, 1989). Other comparisons indicate that
weight average molecular weight accounts for at least 38%
of the variability in strength (Timpa, 1992). When eight cul-
tivars were compared in an independent study, HVI bundle
strength and the weight average molecular weight of the
cellulose in the crystalline regions of the microfibrils were
correlated with 1= 0.94 (Benedict et al., 1992).

How cellulose molecular weight is controlled is un-
known, but could relate to the turn-over time of individual
cellulose-synthesizing complexes (Delmer, 1990), barring
stress effects that might lead to premature chain termination.
In a study in which fibers from dryland and irrigated cotton
were compared, dryland production (presumably with great-
er water and temperature stress) caused 18 to 45% decrease
in cellulose average molecular weight, but no changes in
fiber bundle strength were observed. However, the authors
speculated that there might be an unanalyzed difference in
individual fiber strength leading to inconsistent textile pro-
cessing (Timpa and Wanjura, 1989). Similarly, sub-optimal
temperatures have been reported to induce more diversity
in cellulose molecular weight (Timpa, 1992).

7. UNIFORMITY

Even on one seed or among seeds of one locule, fiber
properties including length, strength, perimeter, and ma-
turity are not uniform (DeLanghe, 1986; Davidonis and
Hinojosa, 1994). This most likely reflects the complex
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metabolic control mechanisms and signals that regulate the
activities of each individual cell. There is also evidence that
competition for assimilate among seeds and even regions on
a seed may be a factor promoting non-uniformity of at least
some fiber properties. For example, micronaire of fibers
from field plants was inversely related to number of seeds
per boll (Stewart, 1986). Similarly, partial defruiting led to
an increase of 8% in micronaire and 6% in maturity, where-
as partial deleafing and shading led to a decrease in micro-
naire of 11% (note that temperature would also decrease
with shading) (Pettigrew, 1995). However, another study
comparing extent of fiber secondary wall deposition across
different positions on the same seed and among differently
positioned seeds in the same locule both in planta and in vi-
tro (cultured ovule system) showed that positional diversity
in fiber maturity was preserved even when substrate was
unlimited in vitro, suggesting that competition for photo-
synthate is not the cause of this diversity. In the same study,
positional differences in fiber length distributions observed
in planta did not exist in vitro, suggesting that differences
in length are primarily controlled by resource competition
in planta (Davidonis and Hinojosa, 1994). Fiber properties
such as maturity are also greatly affected by adverse weath-
er, soil, plant disease, or pests (Booth, 1968), indicating that
growing conditions often do not allow realization of the full
genetic potential. It has been inferred from delayed impact
of earlier drug treatments of cultured fibers that stress at
certain critical stages of fiber development (e.g., 1 to 11
DPA) may result in less uniform or poorer quality fiber at
harvest, including diminished secondary wall properties
(Davidonis, 1993b).

8. YIELD

Fiber yield (weight) on one seed is determined by fiber
number, fiber length, and fiber maturity. Controls of length
and maturity have already been dealt with in this chapter.
Increased length of 1/32 of an inch or 0.1 micronaire unit
correlate with about 3% and 2% increases, respectively, in
yield potential (Lewis, 1992), which is a meaningful dif-
ference to a producer paid primarily according to pounds
sold. Lint fiber number is determined by the number of fi-
bers that initiate during the optimum period from the day
of anthesis until 3 DPA. Usually about one of every 3 to 4
ovule epidermal cells initiates as a lint fiber (Stewart, 1975;
Basra and Malik, 1984), leading to 10 to 12,000 fibers/seed
in upland cotton (Lewis, 1992). In culture, the period of lint
fiber initiation is prolonged until about 6 DPA. Antagonists
of microtubules and actin cause a 17 to 33% reduction in
fiber number in culture, whereas microtubule stabiliza-
tion by taxol causes a 10 to 15% increase in numbers of
fibers initiated (Seagull, 1998). In this century, yields have
been steadily increasing, and previously negative correla-
tions with important fiber properties such as strength have
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been broken by cotton breeders (examples can be found in
Cooper, 1992; Culp, 1992; El-Zik and Thaxton; 1992, 1994;
Gannaway and Dever, 1992; Smith and Golladay, 1994).

9. ATTEMPTS TO MODIFY FIBER
PROPERTIES

Through biotechnology, we now have the potential to
relate controlling elements of fiber development to particu-
lar physical properties (John and Stewart, 1992; Triplett,
1993). One strategy has been to identify genes that are
uniquely expressed or up-regulated during certain phases
of fiber elongation and then to manipulate their expression
through genetic engineering. As an example, the quantity
of E6, a cytoplasmic fiber protein with unknown function
and maximum abundance during rapid elongation (5 to
15 DPA), was manipulated through anti-sense technology.
The protein abundance was reduced to 1.7% of the wild-
type level, but there was no change in fiber development
or traditionally-measured fiber properties (John and Crow;
1992; John, 1996). This lack of change could be due to a
non-critical role for E6 or the presence of other genes cod-
ing for proteins with redundant functions. The lack of ef-
fect on fibers is perhaps not surprising since this gene is
conserved in fiber-less Gossypium species and other plants
of the family Malvaceae (John and Crow, 1992). Similarly,
up-regulation of auxin and cytokinin synthesis or anti-
sense reduction of expression of a gene for a proline-rich
protein (H6; John and Keller, 1995) and a gene with an
unknown protein product (FbL2A; Rinehart et al., 1996)
that is expressed only during secondary wall development
had no effect on fiber length, strength, or micronaire (M.E.
John, personal communication). Therefore, it is clear that
modification of the traditional properties of cotton fiber that
currently confer value to the textile industry will require
more understanding of the critical control points and the
genetic regulation and redundancy at these points. Gaining
this understanding represents a substantial challenge for the
future, and the necessary research would be greatly facili-
tated by more efficient cotton transformation to allow more
extensive testing of possible control mechanisms by genetic
engineering.
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1. INTRODUCTION

The responses of cotton (Gossypium spp.) seeds to the
germination environment depend upon (1) the point in the
germination-through-emergence sequence at which condi-
tions cease to promote germination and seedling develop-
ment, (2) the magnitude and duration of the deviations from
conditions promotive of germination, and (3) seedling de-
velopment ‘success’ potentials determined by the genetic
and seed vigor of a particular cotton seed lot and genotype.
Suboptimal environmental factors, both abiotic and biotic,
modulate, delay, or terminate cotton seed germination and
seedling development during any of the four universal phas-
es of seed germination: (1) imbibition, (2) mobilization of
seed reserves (cotyledonary lipids and proteins in cotton),
(3) radicle protrusion and elongation through resumption of
cell division, and (4) hypocotyls and cotyledon emergence
above the soil with the shift from metabolic dependence
on seed storage compounds to photosynthetic autotrophy.
In cotton and other oilseeds, cotyledonary lipid mobiliza-
tion depends upon subcellular organelle-cooperativity and
membrane-transport phenomena elucidated as the gluco-
neogenic glyoxylate cycle of oilseed species.

Among the environmental factors that affect cotton
seed germination and seedling establishment are tempera-
ture, water availability, soil conditions such as compac-
tion, rhizosphere gases, seed and seedling pathogens, and
interactions among theses and other biotic and abiotic fac-
tors that are present in the seed bed and post-emergence
micro-environments. This chapter refers to earlier reviews
of cotton seed germination and seedling establishment and
provides a guide to recent investigations of the two essen-
tial physiological processes, seed germination and seedling
establishment, that ultimately determine both the yield and
the quality of a crop.

J.McD. Stewart et al. (eds.), Physiology of Cotton,

2. PHYSIOLOGY OF GERMINATING
COTTON SEEDS

Under promotive environmental condtions, the four
sequential phases of cotton seed germination and seedling
emergence occur during a relatively brief period (ca. four
to six days) in the physiological progression from fertilized
ovule to the mature plant that produces the next crop of
seeds and fiber. When a quiescent, but viable, seed is plant-
ed (Baskin et al, 1986; Delouche, 1986; Association of
Official Seed Analysts, 1988; McCarty and Baskin, 1997),
the return of the embryo and the sustaining seed storage tis-
sues to active metabolism is initiated by water imbibition,
the first step in seed germination (Ching, 1972; Bewley
and Black, 1978; Pradet, 1982; Simon, 1984; Christiansen
and Rowland, 1986). However, in ‘hard” seeds of some
cotton species and varieties, this chalazal pore is plugged
with water-insoluble parenchymatous material (Tran and
Cavanaugh, 1984). The presence and persistence of the
plug can produce ‘hardseed’ or ‘seed-coat’ dormancy, a
form of dormancy in which there is no or minimal water
uptake (Christiansen and Moore, 1959; Benedict, 1984;
Christiansen and Rowland, 1986, Delouche et al., 1995).
Seed coat impermeability can also be induced in cotton
when seed water content is reduced to <10% before plant-
ing or germination testing (Delouche, 1986; Delouche et
al., 1995).

2.1 Early Imbibition

In the presence of adequate water and oxygen, vi-
able, non-dormant cotton seeds, depending on the ambi-
ent temperature, require four to six hours for full hydra-
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tion (Benedict, 1984; Christiansen and Rowland, 1986).
Initially, seed rehydration is a consequence of the matric
potential (‘¥ ) of the cell walls and cell contents of the seed
(Bewley and Black, 1978). Thus, the earliest phase of imbi-
bitional water can occur in both in dead and viable seeds.

Exposure of imbibing Upland cotton seeds to tempera-
tures below 5°C during the initial phase of imbibition re-
sults in seedling death (Christiansen, 1967; Christiansen,
1968). Depending on the duration of chilling exposure, im-
bibitional temperatures below 10°C cause radicle abortions
or, in cotton seedlings that survive chilling injury, necrosis
of the tap root tip and abnormal lateral root proliferation
(Christiansen, 1963). Germination of Pima cotton seeds is
inhibited by exposure to temperatures of 5 to 10°C at the
beginning of the imbibition period (Buxton et al., 1976).
Pima seeds have been reported to be resistant to chilling
damage after four hours of warm imbibition.

Significant chilling injury is induced by exposure of cot-
ton seeds to cold water during the initial hours of imbibition.
Chilling during earliest seed imbibition has also been asso-
ciated with increased leakage of solutes from seeds (Simon,
1979, 1984). Both chilling injury and solute leakage reduce
seedling vigor and increase seed and seedling susceptibility
to pathogens. Both processes are manifestations of events
during the first few hours of imbibition, and the severity of
both chilling injury and solute leakage may be reduced if
the seeds are preconditioned under warm, germination-pro-
motive conditions (Christiansen, 1968; Simon, 1979).

2.2 Post-Imbibitional Periods of

Sensitivity to Chilling Temperatures

In viable seeds only, the initial phase of imbibition is
followed by an apparent ‘lag phase’ characterized by reduc-
tion in the rate of water uptake, rapid increases in metabolic
activity, e.g., protein and mRNA synthesis, and reactiva-
tion of preexisting organelles and macromolecules (Ching,
1972; Bewley and Black, 1978; Pradet, 1982; Simon,
1984). Significant water uptake resumes when protrusion of
the radicle through the seed coast signals ‘true’ germination
with the concomitant resumption of cell division in embry-
onic axis coupled with rapid mobilization of seed storage
reserves (Ching, 1972; Simon, 1984).

During the germination process, seed respiration rates
follow a triphasic curve similar to the cubic rate of imbi-
bition (Ching, 1972; Simon, 1984). The initial period of
high respiration overlaps the rapid initial stage of imbibi-
tion and the second germination phase characterized by the
reactivation of preexisting macromolecules and organelles.
The post-imbibitional phase in seed germination represents
a ‘steady state’ for both water uptake and respiration dur-
ing which preexisting metabolic systems synthesize the
substrates needed for biogenesis of new proteins, mRNA,
membranes, and organelles. Upland cotton seeds showed
increased sensitivity to chilling between 18 and 30 hours
after exposure to initial germination temperatures of 31°C
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(Christiansen, 1967). A similar period of increased sensitiv-
ity to chilling was observed at 28 to 32 hours when Pima
seeds were germinated at 35°C and 40 to 56 hours when
germination was at 25°C (Buxton et al., 1976). Respiration
and water uptake both increase rapidly after radicle protru-
sion and the resumption of cell division in embryo tissues.
These processes occur in Upland cotton seeds after a re-
hydration/germination period of approximately 48 hours at
30 to 31°C, the temperature considered optimal for cotton
seed germination (McCarty and Baskin, 1997). One field
study also identified a third, later period of chilling sensitiv-
ity at ca. 140 to 170 h after planting (Steiner and Jacobsen,
1992). Under the conditions of that study, the third period
of sensitivity corresponded to the ‘early crook’ stage of de-
velopment for the chilling-stressed seedlings when the hy-
pocotyls were near the soil surface and ready to emerge.

2.3 Glyoxylate Cycle and Storage Lipid

Metabolism

In the lipid-storage tissue of cotton cotyledons, mito-
chondrial respiration is intergrated with glyoxysomal glu-
coneogensis (Trelease, 1984; Trelease and Doman, 1984).
Thus, lipid mobilization during cotton seed germination
involves four subcellular compartments, i.e., lipid bodies,
glyosomes, mitochondria, and cytosol. As germination and
seedling development progress, lipases associated with the
lipid bodies liberate fatty acids stored in the cotyledons as
triaclyglycerides during seed development. The free fatty
acids are transported across the membranes of the lipid
body and glyoxysome into the glyoxysomal matrix. Within
the single unit membrane of the glyoxysome are the en-
zymes necessary for the B-oxidation of the fatty acids to
acetyl-CoA and the specialized glyoxylate cycle by which
the acetyl-CoA is metabolized with the result of net synthe-
sis of succinate within the glyosome (Goodwin and Mercer,
1983; Trelease and Doman, 1984).

Enzymes needed for further metabolism of succinate
synthesized during the glyoxylate cycle are not located in
the glyoxysomes, and succinate must be transported across
the glyoxysomal and mitochondrial membranes for con-
version the oxaloacetate in the tricarboxylic acid cycle of
mitochondrial respiration (Goodwin and Mercer, 1983;
Benedict, 1984; Trelease, 1984; Trelease and Doman,
1984). Additional information on the biochemistry of em-
bryogenesis and the development of glyoxylate cycle or-
ganelles and enzymes during seed maturation are discussed
in Chapter 25 of this book.

Nearly all lipid reserves in oil-rich seeds like cotton are
mobilized affer radicle protrusion (Trelease and Doman,
1984). Once lipid mobilization is initiated during the im-
bibition period, lipid utilization is rapidly completed over a
relatively brief period during the first week of cotton seed-
ling development (Smith et al., 1974, Trelease and Doman,
1984). The activity of isocitrate lyase (ICL, EC 4.1.3.1), a
marker enzyme unique to glyoxysomes and the glyoxylate
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cycle, peaked after two-days germination in the dark, and
ICL activity slowly declined to undetectable levels after
eight days (Smith et al., 1974). Exposure to light acceler-
ated the decline in ICL activity, which was no longer detect-
able in illuminated cotton cotyledons after four days.

Radicle protrusion through the seed coat marks the
completion of seed germination. Thus, lipid mobilization
and the associated membrane transport and organelle coop-
erativity of the glyoxylate cycle are more precisely treated
as seedling emergence phenomena. Glyoxylate cycle ac-
tivity peaks when seedling survival and development are
dependent on cotyledonary reserves and photosynthesis is
beginning in the greening cotyledons and hypocotyl. When
true leaves appear seven to ten days after emergence, coty-
ledonary lipid reserves have been metabolized and the tran-
siently essential glyoxysome-mitochondria complex has
disappeared. However, during the period between radicle
protrusion (ca. 48 h post-planting) and full photosynthetic
autotrophy, cotton seedling growth and emergence depend
on the organellar enzymatic complex composed of the mi-
tochondria and glyoxysomes. Studies of temperature and
other factors that affect seed germination must, therefore,
include consideration of the mechanisms by which envi-
ronmental factors modulate both the primarily physical
phenomena of imbibition and the biochemical and physi-
ological phenomena of metabolic reserve mobilization and
seedling development.

3. TEMPERATURE

Of the many abiotic factors that influence seed germina-
tion, seedling emergence, and stand establishment, temper-
ature, which the cotton producer can monitor but not modu-
late, is the most important (Waddle, 1984; Stichler, 1996;
Spears, 1997). Insufficient rainfall before or after planting
can be augmented by irrigation, but the producer can nei-
ther schedule nor accelerate the rise in spring air tempera-
tures to 16°C (60°F), the temperature below which cotton
ceases to grow (Tharp, 1960; Munro, 1987; Edminsten,
1997a). This significant relationship between cotton pro-
duction practices and temperature is usually quantified by
the Degree-Day-60°F (DD-60) or Degree-Day-16°C (DD-
16) heat unit frequently cited in cotton production guides
and research reports (Bradow and Bauer, 1997; Edminsten,
1997a; 19970).

3.1 Planting Date Criteria

Each spring, cotton producers in areas where cotton is
grown as an annual must select the ‘most favorable plant-
ing date’ based on current and historic mean temperatures
from analyses of long-term weather patterns (Waddle,
1985; Norfleet et al, 1997). Several temperature criteria
are included in this selection process. During the first five
to ten days after planting, soil temperatures <10°C cause
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significant chilling injury (Gipson, 1986; Edmisten, 1997c¢).
Therefore, production consultants in the short-season areas
of the U.S. Cotton Belt east of the Mississippi River advise
growers to delay planting until (1) the soil temperature at a
depth of 7.6 cm (3 inches)has reached 18°C at 1000 hours
standard time, and (2) more than 25 DD-60 heat units are
predicted with the temperature to be >10°C for the first two
nights after planting (Ferguson, 1991; Edmisten, 1997c¢). In
Califorina, Kerby and coauthors (1989) concluded that cot-
ton should not be planted when fewer than 10 DD-60 heat
units per day were expected for the five days after plant-
ing. Similar ‘rule of thumb’ recommendations have been
developed for the Texas High Plains and Mid-South regions
of the U.S. Cotton Belt (Gipson, 1986). The relationship
between yield and the number of degree days below 16°C
after planting is seen in Figure 5-1 on which yield date were
regressed on the number of days after planting for which
the minimum temperature was <60°F (<15.6°C). The re-
gression line plotted in Figure 5-1 was derived from yield
data of PD-3 from 1991 through 1994 in South Carolina
(Camp et al., 1997).

Planting date selection and risk management techniques
based on historical weather records and current meteoro-
logical predictions are often inadequate for cotton, a highly
temperature-sensitive plant for which both early and late
planting reduces yield (Kittock et al., 1987; Bauer and
Bradow, 1996; Edminsten, 1997¢). Further, producers pre-
fer to plant cotton as early as possible to maximize grow-
ing season length and yield, reduce post-emergence insect
infestations, and avoid fall storms that lower fiber quality
and interfere with crop defoliation and harvest (Edminsten,
1997c¢, Steiner and Jacobsen, 1992; Bird, 1997). When ear-
ly planting exposes cotton seeds to cool, wet conditions,
germination is delayed or fails to occur and seedlings are
damaged or killed (Bird, 1986; Christiansen and Rowland,
1986; Wanjura, 1986; McCarty and Baskin, 1997; Spears,
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Figure 5-1. Impact of number of days after
planting on which minimum temperatures were <60°F
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1997). Stand establishment in cool wet soil is often so poor
that replanting, which entails significant costs for additional
seeds and pesticides, becomes necessary (Edmisten, 1997a).
There are no universal guidelines for cotton replanting de-
cisions (Jones and Wells, 1997). The advantages of a more
uniform stand must be balanced by the reduced maturity
of late-planted cotton, and no guarantees for the uniform
emergence of a second planting.

3.2 Seed Germination and Seed Vigor

Testing

Growers regularly attempt to compensate for uncer-
tain and suboptimal planting conditions by sowing extra
seeds and/or using high quality, i.e, high vigor, seed lots
(Kerby ef al., 1989; Bird, 1997). High vigor seeds emerge
faster (Quinsenberry and Gipson, 1974) and from lower
soil depths (Wanjura ez al., 1967). The potential of a seed
to germinate or a seedling to survive in a chilling environ-
ment depends on the vigor of the seed (Bird, 1986; 1997;
Spears, 1997). Thus, the well-characterized sensitivity of
cotton seeds to chilling stress has become the basis for the
‘cool germination test’ (CGT) of cotton seed vigor (Smith
and Varvil, 1984; McCarty and Baskin, 1997; Spears, 1997;
Tolliver et al., 1997).

The CGT is conducted in addition to the standard ger-
mination test (SGT), which is performed under temperature
and moisture conditions that are highly favorable for ger-
mination and seedling development (McCarty and Baskin,
1997; Spears, 1997; Tolliver et al., 1997). In both the SGT
and CGT, cotton seeds are planted on special moistened
towels scrolled to hold the seeds in place and to reduce dry-
ing (McCarty and Baskin, 1997). In the SGT, the scrolls
are placed in a germinator operated at constant 30°C or in
a 20/30°C cycle (16 h at 20°C and 8 h at 30°C). The SGT
consists of four replicates of 50 or 100 seeds each.

The first SGT evaluation is made four days after plant-
ing. The scrolls are unscrolled, the normal seedlings are
counted and removed from the towels, and the count data
are recorded. The towels containing the ungerminated seeds
are rescrolled and returned to the germinator. The second
SGT evaluation is made eight days after planting. If no
additional normal seedlings have developed, the SGT is
terminated. If the SGT is not terminated at eight days, the
towels are rescrolled and returned to the germinator until
the final SGT evaluations are combined, and the ‘standard’
germination percentage is calculated and printed on the tag
attached to the bag of seeds (seed lot) from which the SGT
subsamples were drawn.

Cotton seeds tested under the SGT protocol are tested
under laboratory conditions that are much more promotive
of seed germination than normal field conditions are. In the
CGT, seed scrolls and four replicates of 50 seeds each are
also used; but the CGT germinator is held at a constant 18°C
(Smith and Varvil, 1984; McCarty and Baskin, 1997). The
contents of chilled CGT scrolls are evaluated once at seven
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days after planting. Only strong, vigorous seedlings that
reach a combined root-hypocotyl length of 4.0 cm (1.5 in.)
are counted. The percentage of high-vigor seedlings is cal-
culated and reported as ‘percentage cool test germination.’

There remains considerable variability among laborato-
ries performing the CGT, and CGT results are not printed on
the official seed-lot tag (Tolliver et al., 1997). Further, the
CGT ratings do not predict the success of either field ger-
mination or stand establishment (Spears, 1997). However,
producers should obtain CGT information from seed deal-
ers since there is a significant difference between the vigor
levels of cotton seed lots with 85 percent and 60 percent
CGT ratings. A seed lot with a high CGT percentage is
more likely to perform well under chilling conditions, i.e.,
at 18+1°C, the temperature of the CGT protocol (Smith
and Varvil, 1984; Bird, 1997). Indeed, the minimum recom-
mended soil temperature for planting cotton is the tempera-
ture used in the CGT (McCarty and Baskin, 1997). When
field temperature are similar to those used in the SGT, lower
vigor seed lots will usually perform as well as high vigor
seed lots.

33 Seed Vigor and Emergence

Prediction

Incubation periods in the SGT and CGT protocols ap-
proximate the lengths of time required for completion of the
imbibition-to-emergence sequence of seed germination and
seedling establishment. Thus, SGT and CGT data should
be useful for predicting cotton seedling emergence (Buxton
et al, 1977; Smith and Varvil, 1984; Kerby et al., 1989).
However, seed vigor, quantified as the ratio of seedling axis
weight to total seedling weight (percent transfer), was a poor
predictor of field emergence (Buxton et al., 1977). Further,
combining percent transfer with percent germination into a
‘germination index’ (Buxton ef al., 1997) did not consistent-
ly improve emergence prediction, compared to predictions
based on percent germination alone.

Combining SGT and CGT percentages improved the
prediction of cotton seedling emergence under fluctuating
soil temperature conditions. Kerby and coauthors (1989)
used multiple regression analyses of (SGT% + CGT%) and
DD-60 heat unit accumulations at ten days after planting to
explain >64% of the variation in cotton seedling emergence.
When interaction terms from the multiple regressions were
included in the predictive equations, the combination of
(SGT% + CGT%) DD-60 heat units at five days after plant-
ing, and the interaction term explained >68% of the varia-
tion of seed vigor and potential yield capacity (Wanjura et
al., 1969).

More recently, Steiner and Jacobsen (1992) examined
the effects of planting time of day and cool-temperature
stress from naturally varying soil temperatures by follow-
ing seedling emergence and seedling rate of development.
Final seedling emergence percentages were not affected
by planting-day heat units, although seeds planted in the
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morning (0800 hours) were more sensitive to soil tempera-
ture than were seeds planted in the afternoon (1600 hours).
There was no defined relationship between emergence and
seedling rate of development. However, genotype-related
differences in cotton response to cool soil conditions at
planting were reported. The authors suggested that high
levels of cotton emergence under cool soil conditions could
be achieved if chilling-tolerant genotypes were selected and
planting was done in the afternoon to take advantage of di-
urnal warming of the seed-zone environment.

An examination of the relationships between seed qual-
ity (vigor) and preconditioning at 50°C and 100% rela-
tive humidity indicated that warm, moist preconditioning
decreased cotton seed resistance to chilling (Bird, 1997).
Pre-conditioning for <2.5 d increased germination percent-
ages at 18°C, but field emergence was reduced by seed pre-
conditioning. The reduced stands obtained from precondi-
tioned seeds were associated with infection by pathogenic
(damping-off) fungi.

34 Temperature and Post-Emergent

Cotton Seedling Physiology

Most studies of responses of cotton seeds and emerg-
ing seedlings to chilling temperatures have concentrated on
germination per se (Christiansen, 1963; 1967; 1968; Guinn,
1971; Cole and Wheeler, 1974; Buxton et al., 1976) or low
temperature effects upon seedling emergence (Pearson et
al., 1970; Wanjura and Buxton, 1972a, 1972b; Fowler,
1979; Wanjura and Minton, 1981). Relatively little is know
about the effects of suboptimal temperatures on photosyn-
thetic seedlings that have successfully emerged from the soil
(Bradow, 1990a). Even less is know about seedling physi-
ology during recovery from exposure to suboptimal tem-
peratures (Clowes and Stewart, 1967; Bagnall ef al., 1983;
Bradow, 1990a; 1990b). A few cotton genotypes have been
screened for chilling resistance (Anderson, 1971; Krieg and
Carroll, 1978; Bradow, 1991; Bauer and Bradow, 1996;
Schulze et al., 1997), but most such studies have concen-
trated on germination and heterotrophic seedling growth.

Without a simple assay for suboptimal-temperature sen-
sitivity in photosynthetic seedlings, growers have relied on
personal experience and anecdotal information when select-
ing cotton genotypes that might survive the effects of cold
weather fronts which arrive after seedlings have emerged
from the soil. This problem was addressed by adapting the
SGT protocol to provide uniform seedling populations 48
hours after planting (Bradow, 1990a, 1991). Using a modi-
fied CGT protocol, morphologically homogeneous popula-
tions of photosynthetic seedlings of three cotton genotypes
were exposed to light (14-h day) and growth temperatures
of 10, 15, 20, 30, or 35°C for seven days (ten days total from
imbibition to seedling harvest and evaluation) (Bradow,
1991). The effects of suboptimal temperatures on seedling
root and shoot growth were evaluated by separate measure-
ments of root and shoot lengths, fresh weight, dry weights,
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and relative water contents (Weatherley, 1950; Bradow,
1991). Significant genotype differences in seed vigor, in-
hibition of root and shoot elongations, fresh weight, and
relative water contents were reported (Bradow, 1991).

The most marked differences between genotypes were
in the capacities to resume growth, and to reestablish nor-
mal root and shoot water relations, after a five-day exposure
to suboptimal temperatures (<20° for roots and <25°C for
shoots) (Bradow, 1991). The capacities of cotton seedling
roots and shoots for recovering rapidly and fully from expo-
sure to moderate suboptimal temperatures (>15°C) can be
a strong determinant of stand establishment and subsequent
yields in years in which post-emergent chilling occurs
(Kittock et al., 1987, Bauer and Bradow, 1996). Genotype
recovery capacity in seedlings exposed for five days to tem-
perature below 30°C could be gauged by changes in root
relative water contents after a 48-h ‘recover’ period at 30°C
(Fig. 5-2).

ROOT RELATIVE WATER CONTENTS

NORMALIZED ON 30 C MEAN ACROSS GENOTYPES
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Figure 5-2. Root relative water contents of
10-day seedling roots of ‘Coker 315’ (C315), ‘DPL 61°

(D61), and ‘Paymaster 145’ (P145) exposed to 10, 15, 20,

25, or 30°D for seven days before evaluation (ISO treatment)
or to 10, 15, 20, 25, or 30°C for five days, followed by two-

day recovery at 30°C (REC treatment). Treatment relative
water content percentages were normalized on the isothermal
30°C mean across all genotypes (adapted from Bradow, 1991).

Moderate chilling stress alters the water relations of
both roots of shoots of photosynthesizing cotton seedlings
by decreasing the shoot water content and increasing root
water content in a cultivar-specfic manner (Bradow, 1991).
However, the changes in root and shoot steady-state water
relationships after a chilling-stress period differ from the
shoot dehydration [wilting] observed under cold-shock
(<10°C) conditions (Bradow, 1990a). Recovery from chill-
ing is related to the capacity of a seedling to resume nor-
mal water translocation from the roots and the capacity of
shoot tissue to rehydrate upon restoration to growth-pro-
moting temperatures (Fig. 5-3). At temperatures < 30°C,
the root relative water contents of the three genotypes in
Figure 5-2 increased after 48 h at 30°C, seedling root rela-
tive water contents of the three genotypes were lower (Fig.
5-2) and the shoot relative water contents of chilled ‘Coker
315” seedlings were higher (Fig. 5-3). An increase in shoot
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Figure 5-3. Shoot relative water contents of
‘Coker 3115’ (C315), ‘DPL 61’ (D61), and ‘Paymaster 145’
(P145) 10-day seedlings exposed to 10, 15, 20, 25, or
30°C for seven days before evaluation (ISO treatment ) or
to 10, 15, 20, 25, or 30°C for five days, followed by two
days at 30°C (REC treatment). The treatment relative water
content percentages were normalized on the isothermal
30°C mean across all genotypes (adapted from Bradow, 1991).

relative water content after a 48-h recovery period was also
observed in ‘DPL 61’ seedlings that had previously been
chilled at 10, 15, and 25°C. No post-chilling shoot rehydra-
tion was observed in ‘PM 145’ seedlings. Instead, ‘PM 145’
shoot relative water contents decreased during the 48-h re-
covery period (Bradow, 1991).

Seedling root elongation studies of ‘DPL 20°, ‘PL 50°,
‘PL 5690°, and ‘DPL Acala 90’ revealed genotype differ-
ences in response to temperatures <30°C in a controlled
environment (Bauer and Bradow, 1996). ‘DPL 20’ root
elongation was most inhibited by moderate chilling, and in
the year in which planting was followed by cold weather,
‘DPL 20’ lint yields were lower than the yields of the three
genotypes that were less sensitive to chilling stress.

3.5 Early-Season Heat Unit

Accumulations, Yield, and Fiber
Quality

Temperatures and heat unit accumulations during the
first 50 days after planting (DAP) affect both fiber yield
(Camp et al., 1997) and fiber maturity (Bradow and Bauer,
1997). The impact of the number of heat units during the
first 50 DAP is seen in the regression of lint yield for four
years on the cumulative heat units at 50 DAP in those years
(Fig. 5-4).

The effects of temperature, treated as heat unit accu-
mulation, are equally clear in the relationship of fiber ma-
turity to DD-16 accumulations (Bradow and Bauer, 1997).
In Figure 5-5 is described the dependence of Immature
Fiber Fraction (IFF) (Bradow et al., 1996a) on DD-16 heat
unit accumulations during the first 50 DAP in a two-year
planting-date study of ‘DPL 20°, ‘DPL 50°, ‘DPL 5690°,
and ‘DPL Acala 90’ grown in Florence, South Carolina.
Overall, 1991 was the shorter, hotter, drier crop year, but
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Figure 5-4. Impact of the number of heat units
during the first 50 days after planting on lint yield in
trickle irrigated cotton at Florence, S.C. The genotype was
PD-3, and heat units were calculated as Y’ ((daily high
temperature + daily low temperature)-0.5) - 15.6°C.

TEMPERATURE AND FIBER MATURITY
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Figure 5-5. Impact of temperature during first 50 days fter plant-
ing on fiber maturity. Fiber maturity was quantified as Immature
Fiber Fraction (Bradow et al., 1996), and data were pooled
across four genotypes within years (1991 and 1992).

the differences in the 1991 and 1992 thermal environments
derived mainly from the higher spring temperatures during
the first 50 DAP in 1991. When data were pooled across
genotypes and IFF data were regressed on DD-16, the 1991
maturation rate (rate of decreasing IFF) was 1.6 times high-
er than the maturation rate in 1992, the cooler year. The
same 1991:1992 maturation rate ration (1991 rate= 1.6 x
1992 rate) was found when fiber maturity was quantified as
micronaire (Bradow and Bauer, 1997).

Temperature modulated and controls cotton seed germi-
nation, stand establishment, and post-emergence seedling
growth and development. The effects of suboptimal tem-
peratures extend beyond mere decrease in seed germina-
tion and stand percentages to significant reductions in the
yield from cotton plants that survive exposure to chilling
temperatures and consequential decrease in fiber quality,
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particularly fiber maturity. Indeed, just as soil and air tem-
peratures before planting can be used to estimate the prob-
abilities of germination success, temperatures (as DD-60
or DD-16 heat unit accumulations) during the first 50 days
after planting are valid indicators of yield, fiber quality and,
therefore, the value of the cotton crop to both producers and
processors.

4. WATER, LIGHT AND COTTON
SEEDLING PHYSIOLOGY
4.1 Soil Moisture and Planting Date

Selection of the optimum planting date can depend as
much upon the quantity and timing of the water supply as
upon soil and air temperatures (Munro, 1987). In cotton-
growing regions where the rainfall pattern is unimodal (a
single wet period lasting up to six months and followed by
a significantly drier period during the rest of the growing
season), the best yields are obtained from cotton sown as
early as possible in the wet period. In temperate cotton-
growing areas, planting date selection must be governed by
both water supply and temperature to minimize exposure
of seeds and seedlings to cool, wet soil. When soil mois-
ture content was at field capacity (-0.033 MPa), Upland and
Pima genotypes attained 50% emergence 36 h earlier when
soil temperatures were 31 to 36°C than when soil tempera-
ture ranges were 26 to 29°C or 32 to 45°C (Gonzales et al.,
1979). Low soil moisture and elevated temperatures (32 to
45°C) either prevented seedling emergence or increased the
time required for 50% emergence by more than 100 hours.

Generally, ca. 50 mm of soil-penetrating rainfall should
be recorded before cotton is planted (Munro, 1987). High
initial water contents in clay and sandy soils accelerated
cotton emergence and counteracted the negative effects
of soil compaction or high soil impedance (Gemtos and
Lellis, 1997). High soil physical impedance (1.12 to 3.36
kg ecm™) reduced both hypocotyl and radicle elongation in
cotton seedlings grown at 32°C and -0.03 MPa (Wanjura
and Buxton, 1972a). Decreased hypocotyl elongation was
consistently noted with lower soil moisture contents, but
decreasing soil moisture increased root elongation as roots
sought water at lower depths.

4.2 Light and Cotton Seeds and

Seedlings

Seeds of commercial cotton genotypes do not require
light for germination and the far-red/red (FR/R) light re-
sponse is not a factor in cottonseed germination. Thus, de-
pending on soil type and condition, a sowing depth of 2 to
4 cm is recommended (Munro, 1987). Shallow sowing de-
creases the amount of moisture available to the germinating
seeds. Deeper sowing increases soil impedance and reduces
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seedling emergence. In a good stand of cotton seedlings the
cotyledons are 4 to 7 cm above the soil surface.

Unlike the germinating seed, cotton seedlings are mor-
phologically responsive to FR/R light ratios from the time
of emergence (Kasperbauer and Hunt, 1992; Kasperbauer,
1994). Cotton seedlings were highly sensitive to FR/R ra-
tios at the end of the day, and the responses were photor-
eversible so that the plants responded to the color received
last (Kasperbauer and Hunt, 1992). Seedlings that received
a high FR/R ratio last on each day developed lower spe-
cific weights, longer and heavier stems, less massive roots,
and higher shoot/root biomass ratios. When the responses
of cotton seedlings to FR/R ratios reflected from the soil
surface were characterized by growing the plants over red,
green, or white soil covers (mulches) in the field, stems of
the five-week-old seedlings grown in sunlight over green
or red surfaces were 130% longer than the stems of similar
seedlings grown over white surfaces (Kasperbauer, 1994).

5 IMPACTS OF TILLAGE AND
OTHER SOIL FACTORS
ON COTTON SEEDLING
EMERGENCE

51 Soil Impedance, Crusting, and

Compaction

Soil physical impedance inhibits the elongation of
both radicles and hypocotyls (Wanjura and Buxton, 1972a,
Wanjura, 1973). Soil compaction and crusting are also
important factors in cotton seedling emergence (Bennett
et al., 1964; Wanjura and Buxton, 1972a, Wanjura, 1973;
Munro, 1987; Tupper, 1995). Emerging cotton hypocotyls
are particularly sensitive to soil-surface crusting (Bennett
et al., 1964; Wanjura, 1973; Stichler, 1996). In addition
to soil ‘caps’ formed when the surface dries, soil crusting
due to the impact of rain or aerial irrigation water droplets
mechanically impedes the emergence of seedlings (Arndt,
1965; Munro, 1987). When the soil crust forms a seal or
cap above the germinating seed, the U-bend of the emerg-
ing hypocotyl may fracture before the emerging cotyledons
are pulled free of the soil (Munro, 1987). If the soil type or
prevailing weather conditions at planting increase the prob-
ability of surface crusting, producers are advised to sow
seeds more thickly since the combined emergence pressure
of three or four closely-spaced cotton seedlings may break
through a soil cap that a single seedling could not penetrate.
Soil sealing and crusting also increase runoff and erosion;
and cover-crop residue management practices or soil-sur-
face treatments have been developed to reduce soil-crust
formation and the related inhibitions of seedling emergence
(Bradford et al., 1988; Pikul and Zuzel, 1994; Zhang and
Miller, 1996).
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5.2 Impacts of Tillage Methods and

Equipment Traffic on Soil Aeration
and Seedling Growth

Inhibition of seedling radicle elongation by soil im-
pedance and the related slowing of emergence and early-
season growth (Wanjura and Buxton, 1972a; Burmester et
al., 1995) have been related to tillage methods (Burmester
et al., 1995; Busscher and Bauer, 1995), equipment traffic
patterns (Khalilian et al., 1995; Gemtos and Lellis, 1997),
and soil strength differences among soil horizons (Box and
Langdale, 1984; Busscher and Bauer, 1995). The growth
of seedling radicles is also restricted by soil compaction or
‘sealing’ that results when knife openers are used on overly
moist soils (Stichler, 1996). When cotton seedlings in con-
servation-tillage plots were dug up two weeks after emer-
gence, many plants had developed lateral taproots that ran
along the top of a compacted zone 5 to 10 cm below the soil
surface (Burmester et al., 1995). Cotton growth and yield
depend on efficient root penetration to reach nutrients and
water in the subsoil horizons. Therefore, equipment traffic
patterns must be controlled to limit soil compaction in the
root zone and to reduce the formation of the high-impedance
subsoil zones associated with some equipment and cultural
methods. Use of some seed planters and tillage methods
may lead to hypoxia (<3.5 mmol O *mol") or increases in
soil CO, levels (>20 mmol CO,*mol™) that result in inhibi-
tion of cotton root elongation (Leonard and Pinckard, 1946;
Minaei and Coble, 1989; 1990).

Cotton seed germination is also affected by the O,:CO,
ratios. Germination was suppressed at concentrations <5
mmol O,*mol”, regardless of CO, concentration (Minaei
and Coble, 1990). Higher concentrations (20 to 30 mmol
CO,*mol™") promoted germination but inhibited root elon-
gation. Higher oxygen levels, combined with CO, con-
centrations of 1.5 to 2 mmol CO, *mol", promoted radicle
elongation.

The low tolerance of cotton roots for poor soil aera-
tion is also a factor in reduced seedling emergence and root
elongation associated with flooding and water-logging of
the soil (Jackson et al, 1982; Hodgson and Chan, 1982;
Lehle et al., 1991). Ethanolic fermentation was induced im-
mediately after introduction of imbibed cottonseeds to N, or
CO, atmospheres at 28°C (Lehle et al., 1991). During a 2-h
hypoxic stress period, cotton radicle elongation was briefly
halted before growth resumed at a reduced rate. Upon resto-
ration of aerobic conditions, radicle growth recovered fully;
and ethanol produced by hypoxic fermentation was assimi-
lated rapidly once hypoxic stress was relieved.

53 Conservation Tillage and Cotton

Seedling Growth

Conservation tillage systems represent one of most
common methods for reduction of soil erosion on cotton
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acreage (Valco and McClelland, 1995). However, slower
early-season growth has been reported for cotton planted
into no-till cotton or no-till wheat residues (Burmester et
al., 1995). In comparison to conventional tillage, use of
conservation tillage also reduced cotton stand populations
at four weeks after planting (Colyer and Vernon, 1993).
Other researchers have also reported reduced plant popula-
tions under reduced tillage (Brown et al., 1985; Rickerl et
al., 1984; 1986; Chambers, 1990).

Conservation-tillage and the sometimes negative ef-
fects of cover crop residues on cotton stand establishment
have been attributed to increased seedling disease (Rickerl
et al., 1988; Chambers, 1995b); ammonia toxicity (Megie
et al., 1967), seedling growth inhibition by volatile organic
compounds released by cover crop residues decomposing
in the root zone (Bradow and Connick, 1988; Bradow and
Bauer, 1992; Bradow, 1993; Bauer and Bradow, 1993), and
seedbed moisture depletion by the cover crop (Bauer and
Bradow, 1993). When ‘Coker 315” seedlings were grown
for two weeks in soil collected immediately after zero (Day
0) or seven days (Day 7) after cover crop (fallow weeds or
crimson clover) residue incorporation, cotton seedling root
elongation was inhibited 50%, compared to root growth
in a sterile control soil of similar impedance (Bradow and
Bauer, 1992; Bauer and Bradow, 1993). The Day 0 soil
samples containing decomposing residues also inhibited
shoot elongation (>25%) and cotyledon expansion (>20%).
The inhibitory activity of decomposing plant residues was
increased by soil crusting but disappeared with time (ca. 14
days after residue incorporation). Seedling growth inhibi-
tion by cover crop volatile emissions was minimized when
cotton planting was delayed two weeks after residue incor-
poration or until no recognizable plant residues remained
in the soil.

6. SEEDLING DISEASE COMPLEX
AND OTHER BIOTIC
STRESS FACTORS THAT
AFFECT COTTON SEEDLING
EMERGENCE

6.1 Seedling Disease and Seedbed

Environment

Conservation tillage, specifically no-till, increases the
severity of seedling disease, particularly in early plantings
(Chambers, 1995b). Even when warm, dry soil conditions
are present at planting, stand counts and plant vigor were
lower in no-till than in conventional tillage. Seedling dis-
ease complex, which causes an estimated 2.8 to 5% annual
loss, is the most important disease problem of cotton in
the United States (Rothrock, 1996; Bailey and Koenning,
1997). For example, in controlled-environment studies of
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cotton black root rot caused by Thielaviopsis basicola, the
weights of infected seedlings were reduced 22 to 31% at
20°C and 13 to 19% at 24°C. The effects of seedling infec-
tion persisted as reductions in yield. Crop rotation or sum-
mer flooding reduced 7. basicola frequency in areas where
T. basicola was found in 100% of fields planted to continu-
ous cotton (Holtz et al., 1994). However, rotation with pea-
nut did not reduce the severity of seedling disease caused
by Rhizoctonia solani (Sumner, 1995).

Seedling diseases are caused by several soil-borne fungi
that thrive under cool, wet conditions and seem more prev-
alent in sandy, low-organic matter soils (Ferguson, 1991;
Bailey and Koenning, 1997). Other factors that increase
seedling disease frequencies are planting too deep, poor
seedbed conditions, compacted soil, nematode infestation,
and misuse of soil-applied herbicides such as the dinitroani-
lines. The primary agents of seedling disease are the fungi
Rhizoctonia solani, Pythium spp., and Fusarium spp. The
same fungi may cause seed decay, seedling root rot, or both.
Pythium and Fusarium spp. usually attack the seed and be-
low-ground parts of the young seedlings. Rhizoctonia spp.
infections appear as reddish brown, sunken lesions at or be-
low ground level (‘sore-shin’) and may occur at anytime
from emergence until the seedlings are six inches tall.

The control of seed and seedling diseases is preventive,
rather than remedial (Garber, 1994; Bailey and Koenning,
1997). Fungicides (as seed treatments, in-furrow applica-
tions and hopper-box treatments) are the primary control
program components. In most years, seed treatment fungi-
cides are sufficient unless the seed is of low quality or the
weather is unfavorable for germination. In some years, pro-
tection from the seed-applied treatment may not persist until
the cotton seedlings have grown to a stage of lower disease
susceptibility; and in-furrow fungicide application is rec-
ommended for early plantings or when cool, wet weather
is expected after planting (McLean et al., 1994; Bailey and
Koenning, 1997). The hopper-box method is less expensive
and less effective than the in-furrow application.

Cultural practices that reduce the severity of seedling
diseases are use of high-quality seed that grows more rap-
idly and produces more vigorous seedlings, delay of plant-
ing until the soil has reached 18°C at a three-inch depth;
crop rotation; proper fertilization and liming to promote
seedling growth, avoidance of excess rates and deep incor-
poration of herbicides, early cutting and shredding of stalks
to reduce the level of inoculum carried over from one year
to the next, use of raised beds for early plantings and con-
trol of nematodes through crop rotation, planting resistant
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genotypes, and use of nematicides (Bailey and Koenning,
1997). Recently, several biological fungicides have been
developed for use with cotton (EI-Zik et al., 1993; Bauske
et al., 1994; Brannen and Backman, 1994a; Howell, 1994,
Kenney and Arthur, 1994; Howell and Stipanovic, 1995).
The effectiveness of biocontrol fungicides, however, can be
unpredictable and sometimes significantly lower than the
commercial seed-treatment fungicides (Davis et al., 1994).

Although the weather cannot be controlled, cotton pro-
ducers can and should choose those cultural practices that
create the most favorable conditions for seedling germi-
nation and emergence (Garber, 1994). Choice of planting
dates, seed bed depths, and cultural practices that create an
environment favorable for ‘friendly’ microorganisms an-
tagonistic to seedling pathogens allow the producer to mod-
ulate the temperature-related factors so that a good stand of
vigorous cotton seedlings is obtained under suboptimal and
inhibitory conditions.

7. SUMMARY

Cottonseed germination and seedling development are
highly sensitive to the environment at planting and for sev-
eral weeks after that. The environmental impacts on germi-
nating cotton seeds and emerging cotton seedlings depend
on the point during the germination-through-emergence se-
quence at which conditions cease to promote germination
and seedling development and the magnitude and duration
of the deviations from conditions promotive of germina-
tion. Further, the stand establishment ‘success’ potential
of a particular cotton seed lot and genotype is determined
by genetic factors and seed vigor of that seed lot or geno-
type. Suboptimal environmental factors, both abiotic and
biotic, modulate, delay, or may terminate cotton seed ger-
mination and seedling development at any point from seed
imbibition to photosynthetic autotrophy. Among the envi-
ronmental factors that affect cotton seed germination and
seedling establishment are temperature, water availability,
soil conditions such as compaction, rhizosphere gases, seed
and seedling pathogens, and interactions among these and
other biotic and abiotic factors that are present in the seed
bed and post-emergence micro-environments. This chapter
provides a guide the impacts of the seedbed environment
on two essential physiological processes, seed germination
and seedling establishment, that ultimately determine both
the yield and the quality of a cotton crop.
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GROWTH AND DEVELOPMENT OF

ROOT SYSTEMS

B.L. McMichael, D.M. Oosterhuis, J.C. Zak, and C.A. Beyrouty

1. INTRODUCTION

The importance of the root system to productivity has
been acknowledged for nearly a century (Weaver, 1926).
It is common knowledge that roots serve as an anchor to
the plant and act as the means by which the plant takes up
water and nutrients that are necessary for plant survival and
growth. In recent years, the use of modern technology has
revealed such things as genetic diversity in cotton root sys-
tems and the role of root signals in impacting the overall
growth and development of the plant.

In the chapter on root growth in the book Cotton
Physiology (McMichael,1986), a brief overview of the de-
velopment of the cotton root system was given, which in-
cluded some factors that affect root growth and aspects of
root-shoot interactions. Also presented were some methods
that could be used in measuring the growth of roots both
in the field and in plants grown in pot culture. While cer-
tainly some aspect of root development have not changed
since that first chapter was written (i.e., root anatomy and
root morphological development), new insights have been
gained in areas dealing with root-shoot relationships, the
impact of genetic diversity of root systems and the interac-
tion of this diversity with both the soil and above-ground
environment to influence plant productivity. The present
chapter will, therefore, briefly touch on the areas of root
anatomy and morphology and concentrate in greater detail
on some factors affecting root growth and the impact of
genetic variability to future directions for improvement of
cotton productivity.

J.McD. Stewart et al. (eds.), Physiology of Cotton,

2. ANATOMY OF COTTON ROOTS

As described by McMichael (1986), the cotton plant
consists of a primary or ‘tap’ root from which branch
or secondary, tertiary, etc. roots emanate (Spieth,1933;
Hayward,1938; Brown and Ware,1958). The cotton root,
whether primary or branch root, has a single layer of epi-
dermal cells surrounding the root cortex. The endodermis,
another single cell layer, surrounds the stele which contains
the xylem and phloem vascular elements and a cell layer
called the pericycle. The xylem elements are arranged in
either a tetrarch (four distinct xylem bundles, the most
common) or in a pentarch or greater bundle arrangement
(McMichael et al.,1985). This difference in arrangement is
apparently genetically controlled and may result in signifi-
cant genetic diversity in root branching.

The pericycle eventually becomes the protective layer
for the root as the root ages and the endodermis and cor-
tex are sloughed. In the mature root, the sieve tubes and
companion cells of the phloem are formed from the proto-
phloem located between the vascular bundles. As the root
further matures the sieve tubes and xylem elements are ar-
ranged along the outer edge of the stele (Speith,1933).

3. DEVELOPMENT OF THE
COTTON ROOT SYSTEM

To briefly summarize the information presented in
Cotton Physiology (McMichael, 1986), the development
of the cotton root system has been described by a number
of researchers over the years under a number of differ-
ent growth conditions (Balls,1919a; Collings and Warner,
1927; Brown and Ware, 1958; Taylor and Klepper, 1978).
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Since cotton is a taproot crop, the shape of the root system,
the volume of soil explored by the roots and the overall root
density is dependent on the development of secondary or
lateral roots. These roots can extend outward from the tap-
root to a distance of over two meters (Taylor and Klepper,
1974). These roots also remain fairly shallow (less than one
meter deep, Hayward, 1938). The lateral roots are formed
from the cambial layer of the taproot and are arranged in a
row according to the number of vascular bundles present in
the primary root. If the number of vascular bundles increase
above the normally occurring four, then the potential for a
greater number of lateral roots increases. McMichael et al.
(1987) observed a direct correlation between the number of
vascular bundles in the taproots of cotton seedlings and the
production of lateral roots. The implications of these find-
ings will be discussed in more detail in the section dealing
with genetic variability in root systems.

The depth of root penetration depends on a number of
factors, but in general the taproot can reach depths of over
three meters and can elongate at a rate from less than one
to over six centimeters per day. The elongation rate of the
lateral or secondary roots would generally fall within the
same range.

In general, the root system continues to grow and in-
crease in length until young bolls begin to form (Taylor
and Klepper, 1974) at which time root length declines as
older roots die. New roots continue to be formed past this
point but the net result is a decline in total length (Hons and
McMichael, 1986).

4. FACTORS AFFECTING COTTON
ROOT GROWTH

The major factors influencing cotton root growth were
briefly described previously by McMichael (1986). These in-
cluded soil temperature, soil strength, soil aeration, and soil
water. In this chapter these factors are discussed to include
more recent information. Additional factors such as fertility,
growth regulators, pathogens, and osmotic adjustment are
covered. Also information concerning genetic diversity is
discussed as a factor influencing root development.

4.1 PHYSICAL FACTORS

4.1.1 Temperature

The temperature of both the soil and air can have a
significant influence on the growth of cotton root systems.
Most research has shown that in general, the growth of cot-
ton roots increases with increasing soil temperature until an
optimal temperature is reached beyond which growth de-
clines. Early work suggested that the optimal soil tempera-
ture for the growth cotton roots was approximately 35°C
(Bloodworth, 1960; Lety et al.,1961; Pearson et al.,1970;
Taylor et al., 1972). Pearson et al. (1970) showed that root
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elongation increased to a maximum of 32°C and then de-
clined sharply as soil temperature increased in 80-hour-old
seedlings. Research by Bland (1993) in controlled environ-
ment experiments showed that the rate of cotton root growth
increased with the rate at which the soil warmed. His exper-
iments indicated that the root system grew at progressively
lower rates of elongation as the rate of soil warming was
reduced from isothermal conditions.

In research on the growth of roots of cotton seedlings
at various soil temperatures, McMichael and Burke (1994)
showed that the optimal temperature for root elongation
may depend on the level of available substrate or stored
seed reserves. They suggested that the measured root length
at 10 DAP (Days After Planting), for example, represented
a composite of both narrow and broad metabolic tempera-
ture responses. Analysis of mitochondrial electron transport
showed that the temperature optimum for root metabolism
at 10 DAP for example, was lower than that obtained from
the measure of accumulated root growth during the same
time period.

Kaspar and Bland (1992 ) indicted that changes in soil
temperature can affect growth of a number of root system
components. For example, low temperatures generally re-
duced cotton root branching (Brower and Hoagland, 1964 ),
while higher temperatures approaching the optimum tend to
increase branching (Nielsen, 1974). The uptake of water by
roots is reduced at low temperature (Nielsen, 1974) while
higher temperatures result in increased uptake. Bolger et al.
(1992 ) demonstrated that the hydraulic conductance of cot-
ton roots declined as the root zone temperature decreased
below 30°C and that conductance at 18°C averaged 43%
of that at 30°C.

Differences in the response of different root types
to temperature were also apparent. Research conducted
by Arndt (1945) indicated that the cotton taproot may be
more adapted to adverse soil temperatures than subsequent
branch roots at least until the taproot had developed to ap-
proximately 10 cm in length. Later work on seedling devel-
opment of a number of exotic cotton strains grown in hy-
droponics showed similar results (McMichael and Burke,
unpublished data; Fig. 6-1). Steiner and Jacobsen (1992)
also noted differences between two cotton cultivars in their
sensitivity to soil temperature.

The interaction between soil and air temperature in in-
fluencing cotton root development is shown in Table 6-1
for 10-day-old cotton seedlings (McMichael and Burke,
1994). When the root temperature was low (20°C), root
growth was reduced regardless of the temperature of the air
(shoot). The root-shoot interaction in response to tempera-
ture may be related to changes in source-sink relationships.
Guinn and Hunter (1968), for example, showed changes
in carbohydrate levels in shoots and roots in response to
temperature with a build-up of sugars occurring at low root
temperatures.

The successful emergence and initial growth of cotton
seedlings is important for the establishment of healthy plants
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Figure 6-1. The influence of temperature on the
growth of primary (tap) roots and lateral roots of 10-day-
old cotton seedlings. From McMichael (unpublished data).

and improved productivity. Wanjura and Buxton, (1972 a,b)
showed that when the minimum soil temperature at planting
depth dropped from approximately 20°C to 12°C, the hours
required for initial seedling emergence increased from 100
to approximately 425 hours. In many cotton-growing areas
the soil temperature can be significantly lower than the opti-
mum when seeds are planted. Therefore the development of
cultivars that possess a root system that can grow and func-
tion at low temperatures could improve plant performance.
However, since the exact mechanism(s) of the response of
cotton roots to temperature are not known, further research,
perhaps in the molecular area, is needed to elucidate the
nature of the response.
4.1.2 Soil Strength

The presence of compacted soil layers, whether natural
or as a result of artificial hardpans, can significantly restrict
root growth in cotton and ultimately impact productivity.
Taylor (1983) provides an excellent overview of the influ-
ence of soil strength on the growth of cotton root systems.
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In general, root growth is restricted as the soil strength is
increased (Fig. 6-2, Gerard et al., 1982). Taylor and Ratliff
(1969) observed that once the taproot entered a compacted
zone, the root length measured at various intervals varied
inversely with the soil resistance as measured by penetrom-
eters. They reported that an increase in the penetrometer
resistance 100 MPa reduced cotton root elongation rates
62% from the rate at 0 MPa. Grimes ef al. (1975) also noted
restricted root growth of cotton in high strength zones un-
der field conditions. Wanjura and Buxton (1972) showed
that the growth of both shoots and roots of young cotton
plants were reduced by increased soil strength. Gerard et
al. (1982) indicated that the critical strength at which root
growth stopped ranged from 600 to 700 MPa in coarse tex-
tured soil and was approximately 250 MPa in clay soil.

Morphological changes in the cotton root system may
occur as a result of changes in soil strength. Glinski and
Lipiec (1990) observed that the responses of most roots
grown in mechanically impeded soil have reduced root
size, diminished elongation rates, uneven root distribution,
thickening of roots, greater lateral branching, and a reduc-
tion of water and nutrient uptake. Camp and Lund (1964)
observed that the cells of cotton roots grown in loose soil
were elongated as compared to similar type root cells grown
in compacted soils. The cells in the latter case were much
thicker (thick cell walls). Similar observations of root thick-
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Figure 6-2. The overall relationship between
soil strength of Abilene clay loam soil and root growth
in cm. Root growth in cm for each dept is represented
about the regression line. From Gerard et al., 1982.

ening were noted by Bennie (1996) who also suggested that
the decrease in root growth in a compacted zone is the same
for most species, but that the main differences are related
to the ability of the plants to produce branch roots in the
compacted layers.

Interactions between soil strength and soil water status
have been shown to be important in the response of cotton
root systems to mechanical impedance. Taylor and Gardner
(1963) observed a positive relationship between soil mois-
ture content and root penetration in cotton but a more sig-
nificant relationship occurred between root penetration and
soil strength. In other studies, Taylor and Ratliff (1969) indi-
cated that at any penetrometer resistance there was little ef-
fect of water content per se on cotton root elongation within
a compacted layer. Taylor and Gardner (1963) concluded
that soil strength, and not bulk density changes, was the
critical factor controlling root penetration, particularly in
sandy soils. Camp and Lund (1964) however, showed that
as moisture decreased, the effects of soil density became
more critical and that no root penetration of cotton roots
occurred at densities of 1.7 to 1.8 g/cc. Bennie (1996) also
showed that impedance at a specific bulk density increases
with soil drying and that soil wetting decreased interparticle
attraction and decreased the pressure needed for deforma-
tion of the soil. Glinski and Lipiec (1990) also suggested
that the critical impedance of soil for root growth changes
with differences in soil moisture. Regardless of the magni-
tude of the interaction of soil strength and moisture content,
mechanical impedance has been shown to be a significant
factor in reducing cotton yields (Carmi and Shalavet,1983)
probably due to a restricted water supply as a result of the
limited rooting volume. Studies by Carmi (1986) indicate
that a restricted root volume can significantly affect the
above ground growth of the cotton plant.

4.1.3 Soil Aeration

The composition of the soil air is approximately 79%

nitrogen, 20% oxygen, and 0.5 to 1% carbon dioxide at
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depths of 15 to 20 cm (Stolzy, 1974). Oxygen levels can
range from as low as 5% and carbon dioxide levels can in-
crease to approximately 20% depending on such factors as
soil temperature and soil water content (Cannon, 1925).

Cotton roots appear to be very sensitive to changes in
oxygen concentrations relative to changes in carbon diox-
ide concentrations (Kramer, 1969). Leonard (1945) showed
that an increased water table under Houston clay prevented
cotton roots from growing deeper that 24 cm until late in
the growing season. Excess water due to temporary satura-
tion can deplete dissolved oxygen from the bulk soil by root
respiration and soil microorganisms resulting in depressed
root growth (Drew and Stolzy,1991). Huck (1970) observed
that cotton can survive under low oxygen conditions but
for only a very short while (0.5 to 3 hours). He also indi-
cated that the top roots died after reaching the anoxic layers
followed by stimulation of additional lateral root growth.
Camp and Lund (1964) showed that when a subsoil layer
was aerated with mixtures of oxygen and carbon dioxide
root growth was depressed at low bulk densities when ei-
ther oxygen was decreased below 19% or the carbon di-
oxide levels were increased. They also observed that me-
chanical impedance was the most important factor reducing
root growth at the higher soil densities. Whitney (1941)
observed similar results when cotton roots were exposed to
toxic levels of carbon dioxide or reduced levels of oxygen.
4.14 Soil Water

The water content of the soil can have a significant in-
fluence on the growth and function of cotton roots. Rooting
depth and density can change as a result of soil water con-
tent (Fig. 6-3, Klepper et al., 1973) and root activity can also
change as the soil dries since root proliferation may occur at
lower depths to maintain water uptake rates (Klepper et al.,
1973). In general, soils with a small water-holding capacity
have deeper roots while those with a larger capacity have
shallow roots (Glinski and Lipiec, 1990). McMichael (un-
published data) showed that rooting densities of cotton in-
creased significantly at lower depths and decreased in upper
soil layers in several commercial cotton cultivars when the
upper soil profile dried. Klepper ef al. (1973) also observed
that the rooting patterns of cotton in a drying soil shifted as
the soil dried. Initially more roots were in the upper layers,
but as a result of the death of the older roots in the top due
to the soil drying and production of new roots at the lower
depths, the rooting density increased with depth. Cotton
plants grown in uniformly moist soil did not show this re-
versal. Malik ef al. (1979) also showed that emergence of
cotton roots from soil cores of different water contents into
a soil zone where water was freely available to the roots in-
creased as the soil dried. The root/shoot ratios also increased
as the water content increased due to an absolute increase in
root weight with shoot weight not being affected.

Changes in water distribution as a result of irrigation
practices can also impact the growth of cotton roots. Radin
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Figure 6-3. Rooting profiles at two dates in
a soil profile that was maintained moist (A) and
allowed to dry (B): densities refer to length of root
per cm® of the soil. From Klepper et al., 1973.

et al. (1989) noted that long irrigation cycles tended to trig-
ger more rapid deterioration of the root system during pe-
riods of heavy fruiting above the normal net reduction in
root growth as fruit develops. This trend was slow to be
reversed. Carmi et al. (1992) observed that in cotton irri-
gated with a drip system a shallow root system with a high
percentage of the roots less than one millimeter in diam-
eter were concentrated around the drippers which resulted
in a strong dependence on a frequent supply of water for
continued growth. In other studies, Carmi et al. (1993) also
showed that the capability of more mature cotton plants to
adjust rooting patterns to large changes in water distribu-
tion was slow and that preferential root growth relative to
shoot development did not occur in response to progressive
soil drying in their case. Carmi and Shalhevet (1983) also
observed that dry matter production by cotton roots was
less severely inhibited than shoots under decreasing soil
moisture. This implies that changes in the root dry weight/
root length relationships can change in response to changes
in soil moisture.

In terms of water extraction, Taylor and Klepper (1975)
observed that water uptake in cotton was proportional to the
rooting density as well as the difference in water potential
between the root xylem and the bulk soil. Jordan (1983)
showed that rooting densities may decrease to as low as 0.2
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cm/cm® and still extract water. Taylor and Klepper (1974)
showed that root length did not increase in a soil layer
when the water content fell below 0.06 cm?/cm?® which was
equivalent to a soil water potential of -0.1 MPa. In other
work, Taylor and Klepper (1971) also observed that water
extraction per unit length of root was greater in wet soil and
decreased exponentially with soil water potential. In gen-
eral, they found that deep roots were as effective as shallow
roots in extracting water.

Interactions between soil water status and soil tempera-
ture can also influence the function of cotton roots. Radin
(1990) showed that the hydraulic conductance of cotton
roots declined at cooler temperatures which would affect
water uptake. Bolger ef al. (1992) also showed that conduc-
tance decreased when the root temperatures were lowered
from 30°C to 18°C. These results would suggest that un-
der certain conditions the water uptake by cotton roots may
decrease as a result of low soil temperatures even though
water was not a limiting factor.

The importance of the water relations of cotton roots
per se (i.e., axial vs. radial water flow and cell water rela-
tions) is certainly not to be overlooked in any discussion
of the impact of water on root development. Oertli (1968 )
has provided an excellent review of water transport through
the root systems of plants and soil-root interactions. Since
much of this information is directly related to other factors
mentioned in this chapter, a more comprehensive rendering
is included in the later discussion on osmotic adjustment.
4.1.5 Tillage

A number of experiments have been conducted to de-
termine the impact of tillage on crop yields (Taylor, 1983).
Studies have addressed issues such as the types of plows to
use and the depth of tillage that is most effective in improv-
ing crop performance. In recent years conservation tillage
practices where crops such as cotton are planted into the
residue of previous crops have also been shown to improve
cotton production and reduce production costs (Segarra et
al., 1991). Other studies have also shown that pruning of
shallow roots can occur as a result of tillage. There has not
been a clear correlation however, between the loss of roots
in this manner and reduction of crop yields. Since there is a
strong interaction between tillage and changes in other soil
properties such as soil aeration and soil strength (Taylor et
al., 1972) the direct impact of tillage on root development
is difficult to ascertain. Therefore, for brevity, these aspects
have been discussed in previous sections and will not be re-
peated.

4.2 CHEMICAL FACTORS

4.2.1 Fertilizer Placement

There is sufficient evidence that fertilizer placement in
the soil can influence root growth and rooting patterns. The
distribution pattern of plant roots in the soil is largely deter-
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mined by the plant’s genetic makeup. However, the actual
proliferation of plant roots is substantially modified by the
environment in which the plant grows. Roots tend to con-
centrate in soil layers with higher fertility levels (Weaver,
1926; Kapur and Sekhon, 1985) and high plant available
water (Klepper et al., 1973). Earlier work with cotton by
Rios and Pearson (1964) demonstrated that the presence or
absence of certain ions in the upper soil profile influenced
root growth deeper into the soil profile. They related this to
the mobility of the ion and the ability of the plant to trans-
locate the specific ion to the developing root. For example,
in a soil where the subsurface zone was well limed and fer-
tilized, cotton roots failed to develop into the lower zone
due to an inability to move calcium to the growing root tip.
Whereas the absence of phosphorus (P) in the subsoil did
not prevent root growth due to the adequate translocation of
P from surface soil layers. Nitrate and phosphate have a ma-
jor influence on root growth and branching (Wiersum, 1958;
Price et al., 1989) as does vesicular-arbuscular mycorrhizas
(Price et al., 1989; see Chapter 19). Mullins (1993) showed
that P uptake and root growth of cotton seedlings were af-
fected by P placement, particularly in low P status soils.
Root length in the P-treated soil volume increased as the
fraction of soil fertilized with P increased and that this re-
sponse was influenced by soil type.

Brouder and Cassman (1994) demonstrated that K ac-
quisition and root proliferation by cotton is strongly influ-
enced by the quantity and distribution of nitrate nitrogen in
the root zone. Outbreaks of K deficiency in the U.S. Cotton
Belt in recent years have been attributed to a number of
causes including poor root growth, low soil-K status, exces-
sive K-soil fixation, and the introduction of higher-yield-
ing, faster-fruiting, earlier-maturing cultivars (Oosterhuis,
1995b). Suggested remedies have included foliar fertiliza-
tion (Oosterhuis, 1995b) and deep placement of K fertilizer
(Tupper et al., 1988). However, the yield response to added
K fertilizer has been very variable and unpredictable due
to differing seasonal growing conditions, genotypic differ-
ences and soil type. Brouder and Cassman (1990) demon-
strated that significant genotypic differences in K uptake
were related to determinacy in root growth after the peak
flowering period.

Because cotton is a taprooted crop that poorly exploits
the topsoil layer (Gulick et al., 1989; Brouder and Cassman,
1990), placement of fertilizer within the soil profile can be
expected to influence root growth and nutrient uptake. This
is also because root growth is strongly influenced by tem-
perature (McMichael and Quisenberry, 1993) and soil-wa-
ter status. Cotton root penetration is also highly influenced
by soil pH and Al concentration (Adams and Lund, 1966).
However, Carmi and Shalhevet (1983) presented evidence
to show that differences in cotton growth rate were caused
by differences in root system development as affected by
restrictions to root growth rather than by N, P, or K defi-
ciencies or water stress.

Current N-fertilizer placement techniques minimize
early-season contact with cotton roots. In most cases, N
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is banded at a spacing and depth that require cotton roots
to proliferate into the fertilizer zone for uptake to occur
(Varco, 1997). Obviously, fertilizer placement too close to
the seed will have minimal or undesirable effects on root
growth (Walker and Brooks, 1964). Use of an encapsulated
slow-release N or K fertilizer has permitted all the fertilizer
(100 1b N/A or 60 1b K/A) to be placed with the seed in-fur-
row at planting with no detrimental affect on cotton growth
or yield (Howard et al., 1998). More work is needed on the
actual nature of cotton root response to fertilizer placement,
including information on root branching, root length, and
root dry matter.

4.2.2 Species (Ionic) and Salinity

Cotton is a relatively salt tolerant species, but growth
can still decline when the plant is exposed to saline stress.
Germination and emergence (El-Zahab, 1971b) and seed-
ling growth (Zhong and Lauchli, 1993a) are particularly
salt-sensitive. See the review in this book on plant respons-
es to salinity by Gorham et al. (2007). Salinity generally
reduces root growth (Silberbush and Ben-Asher, 1987),
but there have been reports of mild salinity enhancing root
growth (Jafri and Ahrnad, 1994; Leidi, 1994). The ions Na+,
K+, Ca2+, Mg2+ and Cl- are the common constituents in-
volved in high salinity and altered plant growth and root
expression. Primary root growth of cotton seedlings was
severely inhibited by high concentrations of NaCl in the
growing medium, but supplemental Ca reduced Na influx
and improved root growth (Cramer et al., 1987; Zhong and
Lauchli, 1993). The protective effect of supplemental Ca
on root growth under high salinity has been associated with
improved Ca status and maintenance of K/Na selectivity
(Cramer et al., 1987) and improved cell production (Kurth
et al., 1986). Obviously high soil salinity can cause effects
similar to water-deficit stress on plant growth (Kramer and
Boyer, 1995). The degree of salinity influences the plant’s
ability to osmotically adjust to the altered water potential
gradient between the soil solution and the plant root.
4.2.3 Timing of Application

In cotton production fertilizer has traditionally been ap-
plied at, or prior to planting. However, during the 1990’s,
production practices have moved towards applying less fer-
tilizer at planting and more during the season when plant de-
mand increases and early-season leaching losses decrease.
Nitrogen, for example, was for many years incorporated
prior to planting. But currently, less than 10% of U.S. cotton
acreage receives N at planting, with most N applied prior to
planting or as post-planting applications at early squaring
(Gerik et al., 1997). Foliar fertilization during boll devel-
opment, particularly for N, K, and B, is sometimes used to
further supplement plant nutrient requirements when tissue
tests indicate potential deficiencies (Oosterhuis, 1995b).

Fertilizer placement and timing should take into ac-
count the temporal patterns of root growth and the nutrient
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requirements of the developing crop. Cotton root growth
generally increases up to flowering and then decreases
slightly after flowering (Cappy, 1979; McMichael, 1990) as
the competition for available assimilate from the boll load
increases. However, Basset et al. (1970) reported that cot-
ton root activity intensified at lower depths as the season
progressed. Nutrient uptake by cotton generally follows a
pattern similar to dry weight accumulation, except that dry
matter continued to increase until maturity, and nutrient ac-
cumulation peaks during boll development. For example,
K is absorbed more rapidly than dry matter is produced,
as evidenced by the higher concentration of K in young
plants (Bassett et al., 1970), and maximum K accumulation
is reached in about 112 days after which there was a de-
crease (Halevy, 1976). Oosterhuis (1995b) speculated that
the decrease in root growth after flowering may be one of
the main reasons for the appearance of late-season K defi-
ciency in the U.S. Cotton Belt. The rate of plant uptake of
K depends on root length density and total root surface area
(Brouder and Cassman, 1990). The high requirement for K
in cotton coupled with an inherent low root length density
relative to other major row crops (Gerik et al., 1987) and
the immobile nature of the element (Barber, 1984), means
that K uptake is particularly sensitive to poor root growth
and deficiencies may appear even in soils with a relatively
high K content. Thus the relative sensitivity of cotton to the
soil K supply may reflect in part the low density root system
of the cotton plant.

Another application has been the use of starter fertil-
izer, which has been successfully applied to upland cotton
(Funderberger, 1988; Guthrie, 1991), corn (Zea mays L.)
(Ketcheson, 1968), and grain sorghum [Sorghum bicolor
(L.) Moench] (Touchton and Hargrove, 1983) to stimulate
early-season crop development. Unfortunately, most of
these studies did not measure root growth, but the assump-
tion was made that the improved shoot growth was the re-
sult of enhanced root growth which led to increased nutrient
and water uptake. In corn, yield response to row-applied
starter fertilizer in northern production areas has been at-
tributed to compensation for reduced root growth (Nielsen
et al., 1961) and nutrient availability (Ching and Barber,
1979) in cool soils encountered with early planting dates
or in reduced tillage. Temperature has a dramatic affect on
the rate and proliferation of root growth (McMichael and
Quisenberry, 1993) and thus, will have an affect on plant
response to starter fertilizers. Kaspar and Bland (1992)
suggested that rooting depth may follow the downward
progression of a particular isotherm. There have also been
some reports of minimal responses of cotton to starter fertil-
izer usually on soils high in P (Maples and Keough, 1973),
or when the starter fertilizer was placed too close to the
seed (Walker and Brooks, 1964). Indirect evidence from
Radin (1990) showed that P deficiency decreased hydraulic
conductivity. Therefore, we can assume that P in the starter
fertilizer will increase conductivity and this should translate
into improved growth.

63

4.2.4 Salinity

The growth of most crop plants is affected by saline
conditions. According to Zhong and Lauchli (1993), cotton
is a relatively salt tolerant plant, but can be very sensitive
to salt conditions in the seedling stage. Water stress and ion
toxicity are most likely the result of high salt conditions
that reduce plant growth. Cramer et al. (1987) observed that
the growth of the taproot of cotton seedlings was reduced
in the presence of NaCl but that the effects could be coun-
tered somewhat by the addition of calcium to the growing
media. Zhong and Lauchli (1993) found that the elongation
of the taproot of cotton seedlings was reduced by 60% over
the control plants when the roots were exposed to 150 mol/
m? NaCl. The addition of calcium increased the elongation
rate to within 80% of the controls. They also observed that
the growth zone (the region of root cell elongation) of the
taproot was shortened by the increased salt content of the
media. Kurth ef al. (1986) showed that the rate of cell pro-
duction declined in cotton roots in the presence of high salt
and that the shape of the cortical cells were affected.

Reinhardt and Rost (1995d) also observed that high salt
reduced the width and length of metaxylem vessels in cot-
ton seedlings which increase with plant age. These changes
in root morphology along with changes in osmotic rela-
tionships as a result of high salt, can result in a significant
reduction in root growth and root activity to reduce plant
productivity.

4.2.5 Plant Growth Regulators

Interest in root-produced plant hormones or plant
growth regulators (PGRs) has stemmed mainly from ob-
servations that roots affect shoots beyond the influence of
their supply of water and minerals. Since most plant growth
and development processes are regulated by natural plant
hormones, these processes may be manipulated either by
altering the plant hormone level, or by changing the capac-
ity of the plant to respond to its endogenous hormones. In
recent years, PGRs, which are synthetic hormones, have
been investigated for their ability to alter cotton growth and
development in an attempt to improve production. These
compounds are diverse in their chemistry and in their uses.
There are numerous reviews on plant growth regulation
(e.g., Davies et al., 1987) and plant growth regulators in cot-
ton have been recently reviewed by Cothren and Oosterhuis
(2006). It is not the purpose of this review to cover all the
hormonal relationships in roots, but rather to mention those
relevant to cotton.

The synthesis of phytohormones by roots has been re-
viewed by Itai and Birnbaum (1996) who concluded that
roots are capable of synthesising all known PGRs. Recently,
Jasmonic acid has been added to the list of the five accepted
phytohormones since evidence of its presence and the pos-
sibility that it is synthesized by roots has been established
(Gross and Partheir, 1994).
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Despite its chemical simplicity and gaseous nature, eth-
ylene is a potent PGR involved in the regulation of many
physiological processes in plant growth and development.
In roots, ethylene is involved in adventitious root forma-
tion, gravitropism, hook formation, respiratory changes,
RNA synthesis, storage product hydrolysis, and growth in-
hibition. Typically, root growth is stimulated at low concen-
trations of ethylene, and inhibited at higher concentrations
(Jackson, 1985). This is important because soils can contain
high concentrations of ethylene (Jackson, 1982). Root anat-
omy may also be affected by ethylene, e.g. the development
of aerenchyma in flooded maize (Jackson, 1982). Ethylene
can also increase the production of root hairs (Reid, 1985).
However, not much has been published about the specific
effects of ethylene on cotton roots.

Although the literature is full of references to plant
responses to auxins, there are relatively few reports on
auxin activity in cotton (e.g., Rodgers, 1981; Guinn, 1986),
and even fewer reports on the effects of auxins on cotton
root growth. Higher concentrations of auxins are inhibi-
tory to root growth which has important ramifications in
hormonal control of plant growth. IAA and indole butyric
acid (IBA) have been used to induce root formation in cut-
tings (Hartmann and Kester, 1984). Urwiler and Oosterhuis
(1986) showed that IBA stimulated root growth of cotton
seedlings. Also gibberellins (GAs) are involved in almost
all phases of growth and development from germination to
senescence, and in particular in the stimulation of both cell
division and elongation.

It is well established that roots tips are a primary source
of endogenous cytokinin, which are transported via the
xylem to the shoot where they exert a major influence on
growth, photosynthesis, and senescence (e.g., Kulaeva,
1962; Kende, 1964). Root responses to cytokinins include
enhanced root development and root hair formation, and
inhibition of root elongation. Sattelmacher and Marschner
(1978) reported that nitrogen deficiency decreased the
cytokinin activity in root exudates of potato (Solanum tu-
berosum L.), and Radin and Ackerson (1981) showed that
nitrogen deficiency in cotton increased abscisic acid (ABA)
content of cotton leaves.

Since the discovery of ABA in cotton (Ohkuma ef al.,
1963), the presence of ABA has been recorded in roots and
their exudates. Like all other plant hormones, ABA has
multiple physiological effects influencing plant growth and
development. Among the physiological effects of ABA, the
role of ABA in stomatal closure and regulating water bal-
ance in plants has been studied the most. In roots ABA is
likely involved in promoting sencsence, regulating turgor
pressure, and modification of both enzyme activity and
RNA synthesis. Again, there are only a limited number of
references to ABA and root growth in cotton. Both ABA
(and cytokinin) contents of roots are clearly affected by the
root environment. Cornish and Zeevart (1985) showed that
roots respond to water stress by increasing their ABA lev-
els more rapidly and with greater sensitivity than leaves.
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Recently, ABA has been shown to be intimately involved
in signal transduction between roots and shoots (Davis and
Zhang, 1991). Root signals are thought to reflect soil wa-
ter, nutrients, and mechanical attributes as sensed by roots,
and the transduction involves ABA, nitrate flux, cytokinin,
and hydraulic changes for regulation of whole plant growth
(Aiken and Smucker, 1996). The role of ABA in signal
transduction has not been extensively studied in cotton but
there is no reason to think that the response would be dif-
ferent.

Plant growth is regulated by hormonal balance which
can affect and be affected by competition for organic and
inorganic nutrients. As Guinn (1986) mentioned in Cotfon
Physiology, hormonal balance could be affected by limita-
tions in root growth because of competition by develop-
ing bolls. There are probably many complex interactions
between hormones and competition for inorganic nutrients
(Guinn, 1986). Auxins, cytokinin, and gibberellins promote
growth whereas abscisic acid and ethylene inhibit growth;
however, it is rather the balance between growth promot-
ing and growth inhibiting that probably mediates growth
in plants. More research is needed on system analysis, i.e.,
an integrated understanding of all the known hormones for
the growth process or plant response being studied. Also,
information is needed on the molecular basis of the mode
of action of each PGR (Itai and Birnbaum, 1996). Microbial
biosynthesis of all the major plant hormones in the soil
(Frankenberger and Arshad, 1995) could potentially have a
physiological role in plant growth and development and in
particular on root growth.

4.2.6 Herbicides

The use of herbicides to control weeds in cotton is a
wide-spread practice across the Cotton Belt. The herbicide
is generally either incorporated into the soil or applied as
a non-incorporated surface spray. One common herbicide
in use for weed control is triflualin. Anderson et al. (1997)
reported that the soil incorporated application of trifluralin
from 0.25 to 1.0 Ib/A caused stunting in height and pre-
vented lateral root production in cotton seedlings. Similar
results have been reported by other researchers. They also
observed that lateral root production was more affected by
depth of incorporation of the herbicide than by the dosage.
Hess and Bayer (1974) showed that the absence of micro-
tubules in the root meristem of cotton disrupted normal
cell mitosis. Kleifeld et al. (1978) however, reported that
the presence of trifluralin appeared to protect cotton roots
from the damage to roots caused by other herbicides such
as flometuron, diuron, and prometryne.
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4.3 BIOLOGICAL FACTORS

4.3.1 Pathogens

The presence of soil-borne pathogens can impact the
growth and function of cotton root systems. Pathogens
such as Phymatotrichopsis omnivera are common agents
that cause root rot in cotton (Rogers, 1937). Domsch et al.
(1980) have indicated that cotton seedlings may be more
resistant to attack by this organism than older plants due to
a reduced carbon content of the root bark. An increase in
the carbon content of the roots due to loss of branches and
fruit tends to reverse this effect. King and Presley (1942)
reported that a disease of cotton that was characterized by a
swollen taproot and internal black rot of the vascular tissue
was found in Arizona in 1922. The organism was identified
as Thielaviopsis basicola and was found to be most damag-
ing to the cotton root system in the seedling stage. Rothrock
(1992) later showed an interaction of this organism with
soil temperature, soil water, and soil texture on the infection
of cotton roots. Burke and Upchurch (1995, unpublished
data) observed that cotton plants grown at low temperatures
in the absence of pathogens had increased lateral root pro-
duction even at the low temperatures (13°C).

Other studies have shown that infection of cotton roots
by nematodes may impact the growth and development of
the plant (Kirkpatrick et al., 1991). These authors indicated
that the effects of the infection were similar to water stress.
The hydraulic conductivity was reduced and drought resis-
tance was increased.

4.4 COTTON-MYCORRHIZAL
INTERACTIONS

The interaction of cotton with mycorrhizal fungi is cov-
ered in greater detail in Chapter 19.

Several studies have shown that the association of root
systems of crop plants, including cotton, with arbuscular
mycorrhizae (AM) can increase the ability of the plant to ab-
sorb water and nutrients and can result in increased biomass
production and yields (Afek et al., 1991; Bethlenfalvay and
Linderman 1992; Robson et al., 1994). Arbuscular mycor-
rhizae can produce an extensive mycelial system outside
the root, which in effect, extends the root system so that
a larger soil volume may be explored. This can be espe-
cially beneficial in the case of cotton since the root system
has a low density per unit soil volume (McMichael, 1990).
Cotton may be more dependent on mycorrhizal associations
than some other crops with denser root systems (Manjunath
and Habte, 1991). Cotton has been shown to be mycorrhizal
and to benefit from this symbiosis in more mesic regions
(e.g., Pugh et al., 1981; Price et el., 1989). Rich and Bird
(1974) reported that arbuscular mycorrhizae were detected
in Georgia cotton 5 days after seedling emergence and that
the infection was predominately arbuscular. They observed
that AM development subsequently increased logarithmi-
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cally between 5 and 25 days. The increase in mycorrhizal
roots was followed by an increase in the growth and devel-
opment of the cotton and increased yield. Zak et al. (1998)
showed that the mycorrhizal status of cotton in the semi-
arid environment of the Southern High Plains of West Texas
may be crucial for seedling survival.

Agricultural systems that are heavily managed, such
as cotton, have been shown to have a low species richness
of AM fungi (see review by Johnson and Pfleger, 1992).
Moreover, those species that do occur under these highly
disturbed conditions may not be very efficient symbionts,
but may be those that can tolerate the stressful conditions
imposed by agricultural practices. Tillage practices in par-
ticular have been shown to negatively impact the AM de-
velopment of various crop species. The magnitude of till-
age effects is dependent upon the degree to which the soil
has been disturbed (e.g., McGonigle et al., 1990). Much
of what occurs in most crop production systems has been
shown to be detrimental to the survival of AM inoculum
and the maintenance of an intact mycelial network (Kurle
and Pfleger, 1994). The maintenance of an intact AM my-
celial network appears to be crucial for ensuring high colo-
nization levels for a cropping system (McGonigle et al.,
1990). However, on the Southern High Plains, fields are
plowed to reduce wind erosion thereby destroying the AM
mycelial network and encouraging decomposition of root
fragments that are also important to future colonization in
this semi-arid environment (Friese and Allen, 1991). Any
practice that can maintain or enhance the AM inoculum po-
tential of fields before planting cotton and at the same time
reduce soil erosion from wind should have significant posi-
tive effects on the cotton production system in this semi-
arid region. Laboratory experiments have demonstrated
that disturbances, such as tillage, reduce AM development
and effectiveness (e.g., Jasper, 1989 a&b). Disruption of
the mycorrhizal network of hyphae (Read, 1992) that radi-
ates from mycorrhizal roots appears to be the mechanism
for the observed reduction in AM development and P ab-
sorption by crop plants (Jasper ef al., 1989 a, b; Evans and
Miller, 1990). Tillage may also influence the rates of AM
development by altering the distribution and abundance of
AM propagules in the soil (Jasper et al., 1992; Johnson and
Pfleger, 1992).

Mycorrhizal inoculum can exist either as asexual spores,
as hyphae comprising the hyphal network, or as infected
root fragments. In semi-arid and arid systems, mycorrhizal
hyphae associated with root pieces may be the most impor-
tant source of inoculum (Friese and Allen, 1991). It is very
likely that crops in semi-arid and arid regions depend on
infective mycorrhizal roots and on the AM network asso-
ciated with companion plants than on mycorrhizal spores.
Examinations of the cotton fields in the West Texas area
have indicated that AM spore numbers are either very low
or are below detectable numbers prior to and immediately
after cotton planting (Zak et al., unpublished data).

One of the potential benefits that can occur from the
mycorrhizal colonization of agricultural plants is that these
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symbiotic associations can affect the incidence and severity
of root diseases. Much of the literature suggests that AM
fungi can reduce soilborne diseases or the effects that the
disease causes (Dehne, 1982). However, other reports in-
dicate mixed results with either no effects (e.g., Baath and
Hayman, 1984) or increased disease severity (Davis and
Menge, 1981). Lindermann (1992) argues that mycorrhizae
can contribute to disease suppression by either increasing
P uptake, which would result in more vigorously growing
plants that are either able to ward off or tolerate root dis-
eases, or by reducing drought stress which predisposes the
plants to pathogen attack. Davis (1980) showed that citrus
trees colonized by AM fungi and subsequently infected by
Thielaviopsis basicola were larger then non-AM colonized
plants unless the latter were fertilized with phosphorus. For
mycorrhizae to suppress root diseases they must be estab-
lished and functioning before pathogen attack begins. This
was the case for Phytophthora root rot (Phytophthora para-
sitica) of citrus (Graham and Egel, 1988). Wick and Moore
(1984) found that mycorrhizal holly plants showed in-
creased wood barrier formation that inhibited Thielaviopsis
infection. Even infections by root pathogenic nematodes are
generally less for mycorrhizal plants (e. g., Ingham, 1988).
If mycorrhizae are to be effective in reducing diseases then
agricultural practices that decrease AM colonization and in-
oculum should be avoided (Johnson and Pfleger, 1992).

4.4.1 Root Tissue Water Relations

Most of the studies on the water relations of cotton have
focused on the whole plant (e.g., Ackerson et al., 1977).
Field research using mini-rhizotrons has shown that non-ir-
rigated cotton had a deeper root length than irrigated cotton
(McMichael, 1990; Keino et al., 1994). Furthermore, only
non-irrigated cotton showed cultivar differences in root
length density (Keino et al., 1994). These results suggested
that cotton cultivars express large differences in root length
distribution under water stress, and therefore, deep rooting
cultivars should be selected within environments where wa-
ter is limiting. Carmi et al. (1992) showed that a shallow
and restricted root system resulted in strong dependence of
the plants on frequent and sufficient water supply, such that
temporary minor changes in irrigation affected plant water
status and productivity. However, a shallow root system al-
lowed maximum flexibility for using irrigation to quickly
and efficiently affect plant water status and influence pro-
cesses which determine productivity.

In the last ten years there have been a number of new
methods introduced to measure the water relations of roots.
In cotton, thermocouple psychrometers have been used to
measure root water potential (Oosterhuis, 1987; Yamauchi
et al., 1995) and osmotic potential (Oosterhuis, 1987), and
the vapor pressure osmometer has also been used to record
osmotic potential (Ball et al., 1990) in excised roots. There
are few reports on the nature of the osmotica in cotton and
the importance of proline (McMichael and Elmore, 1977)
and glycine betaine.
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Root resistance accounts for a significant fraction of
the hydraulic resistance in most plants (e.g., Fiscus, 1983).
Radial root resistance is usually substantially higher than
the axial resistance (Yamauchi ef al., 1995). Hydraulic
conductivity in cotton roots is reduced under conditions of
water-deficit stress (Oosterhuis and Wiebe, 1980). Methods
to measure cotton root hydraulic conductance were com-
pared by Yang and Grantz (1996) with the reverse flow
and transpirational methods appearing to have more physi-
ological validity than the root exudation method. There
have been reports of oscillations of 30 to 50 minutes in
apparent hydraulic conductance in cotton plants (Passioura
and Tanner, 1985), which is similar to the oscillations in
stomatal conductance of cotton leaves (Barrs, 1971). Water
deficit decreased cotton root pressure by 51% compared to
a well-watered control, but had no effect on the exponential
pressure-flux relationship (Oosterhuis and Wiebe, 1986).
4.2.3 Osmotic Adjustment and Drought
Tolerance in Cotton Roots

Osmotic adjustment, or osmoregulation, is a plant mech-
anism for drought tolerance and the maintenance of water
(‘P,) potential gradients (Wyn Jones and Gorham, 1983).
Osmotic adjustment involves the active accumulation of os-
motica (e.g. sugars, organic acids and mineral ions) in the
cytosol during periods of water deficit or salt stress to lower
the osmotic potential (‘¥ ) (Munns and Termaat, 1986). The
lowered ¥ inresponse to decreasing ‘¥, allows for the main-
tenance of pressure potential (‘I—‘p) for turgor (Hsiao, 1973).
Turgor maintenance under water stress allows continuation
of growth, although at a reduced rate in comparison to op-
timal conditions (Sharp and Davies, 1979). Osmotic adjust-
ment may be an important mechanism in plant tolerance
although some crops do not undergo adjustment (Morgan,
1980; Oosterhuis and Wullschleger, 1988). Osmotic ad-
justment is a well accepted phenomenon in higher plants
(Morgan, 1984). The occurrence of osmotic adjustment,
however, is not universal. Varying degrees of adjustment
will depend on the nature of the applied stress, and also on
the crop or species, cultivar, organ, and developmental age
of the organ (Morgan, 1984; Turner and Jones, 1980).

In cotton, as in most other crops, research on osmotic
adjustment has focused on the leaves (Ackerson, 1981;
Ackerson and Herbert, 1981; Cutler and Rains, 1977, 1979),
and there are few reports of adjustments in the water rela-
tions of cotton roots in response to water stress (Oosterhuis
and Wullshleger, 1987a). Cotton appears to have a greater
ability to osmotically adjust to water stress than most other
major row crops (Table 2) (Oosterhuis and Wullschleger,
1988). The magnitude of osmotic adjustment in cotton
was greater in leaves (0.41 MPa) than roots (0.19 MPa),
although the percentage change was greater in roots (46%)
than leaves (22%) (Fig. 6-4) (Oosterhuis and Wullschleger,
1987a). The authors related this to the drought tolerance
and survival capabilities of cotton. There is only one report-
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Figure 6-4. OSAD in the leaves and roots of cotton.
From Oosterhuis and Wullschleger, 1987a.

ed study of the role of osmotic adjustment with the growth
of a root system in droughted field plants (Ball, 1992). This
study showed only a small, limited amount of osmotic ad-
justment in the roots of field-grown cotton and a substantial
adjustment in the leaves in agreement with Oosterhuis and
Waullschleger (1987a). Osmotic potential of leaves varies
diurnally (Hsiao, 1973), independently of daily cycles of
leaf hydration. Therefore, leaves can maintain turgor during
the daytime at the same level as during the night (Acevedo
et al., 1979). Radin et al. (1989) interpreted the diurnal cy-
cling of osmotic potential in cotton as an indication of a
“sink-limited” condition within the plant during the boll de-
velopment period. However, there have not been any simi-
lar studies on cotton roots.

There is only a small range of genetic diversity of this
trait in commercial cotton cultivars (Oosterhuis et al., 1987),
although Nepumeceno et al. (1997) recently reported sig-
nificant drought tolerance in an Australian commercial cul-
tivar, CS-50. However, a more substantial range of osmotic
adjustment exists in the primitive landraces and wildtypes
of cotton (Oosterhuis ef al.,, 1987). However, the role of
osmotic adjustment in a cultivar bred for production as an
annual crop may be quite different from that of osmotic ad-
justment in a perennial wildtype. Osmotic adjustment has
been favored as a trait offering potential for manipulation in
the breeding of drought resistant crops (Sharp and Davies,
1979; Morgan and Condon, 1986; Turner, 1986). Work in
Australia on wheat (Morgan and Condon, 1986) and sor-
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Table 6-2. Magnitude and percentage osmotic adjustment in
response to water stress by various crop plants. From Oosterhuis
and Wullschleger, 1995.

Osmotic adjustment

Magnitude Percentage*
Crop Leaves Roots Leaves Roots
(MPa) (%)
Cotton 0.41 a¥ 021 a 22.4 46.3
Sorghum 0.31a 0.19a 25.1 37.1
Sunflower 0.17 b 0.16 a 13.9 25.2
Wheat 0.08 ¢ 0.03b 6.6 44
Soybean  0.05 ¢ 0.00 b 4.0 -0.8

“ Percentage osmotic adjustment refers to the percentage
decrease in osmotic potential compared to the well-watered
control

Y Means within columns followed by the same letter are not
significantly different at the 5% level of probability.

ghum genotypes (Ludlow and Muchow, 1988; Ludlow et
al.,1989) has shown increased yield in high osmotic adjust-
ing phenotypes. The yield increase in sorghum of nearly
30% over low adjusting phenotypes was related to deeper
rooting resulting in more carbon fixation and increased
harvest index. A clear yield advantage from osmotic ad-
justment in cotton has not been demonstrated. The role of
osmotic adjustment in maintaining root growth, allowing
water uptake longer in drying soil, has been emphasized by
Acevedo and Hsiao (1974). The premise that osmotic ad-
justment allows for turgor maintenance and increased root
growth at low water potentials implies that the plant will
be able to exploit a greater and deeper soil volume for wa-
ter. The role of the root system during drought is receiving
current research attention as a possible sensing organ and
in root-to-shoot ratios. Jones and Turner (1978) cautioned
that the capacity to tolerate drought may be attributed to
factors other plant water relations, such as rooting habit,
conductance of water through the xylem, and desiccation
tolerance.
4.2.4 Genetic Potential

The growth of the root system of cotton is under genetic
control ( McMichael et al., 1987) but may be modified by
the environment as discussed in previous sections of this
chapter. McMichael (1990) has shown variability for root
weight in a number of exotic cotton accessions. Variability in
root/shoot ratios was also observed in these studies. Earlier,
McMichael ef al. (1985) showed genetic differences in the
number of vascular (xylem) bundles in cotton taproots and
suggested that variability in lateral root production was as-
sociated with the differences in vascular arrangement. Later
research indicated this to be the case (McMichael et al.,
1987; Quisenberry et al., 1981). McMichael ef al. (unpub-
lished data) also found genetic differences in the response
of cotton seedlings to changes in temperature. Quisenberry
et al. (1981) found differences in older plants in lateral
root production as well as taproot growth. It was further



68

suggested by McMichael et al. (1985) that the observed
increase in the vascular system and enhanced lateral root
production could lead to improved water status of the plant
in drought conditions since the potential for additional wa-
ter uptake and utilization might be possible. Work by Cook
and El-Zik (1992) suggested that cotton genotypes having
deep roots and increased lateral root production would be
more drought resistant based on the variability in root traits.
Oosterhuis and Wullschleger (1987b), however, were un-
able to show significant improvement in hydraulic proper-
ties of the plants with the increased vascular arrangement.

In field studies, Hons and McMichael (1986) showed
that water extraction patterns from fallow rows of a 2x2
skip row pattern were significantly less that cotton planted
in every row. This suggested that there was not sufficient
rooting density in the cultivar used to use the additional wa-
ter in the fallow rows. This led Quisenberry and McMichael
(1996) to use a more extensive skip-row planting technique
to show significant differences in rooting potential in a
number of cotton genotypes by measuring differences in
yield as a function of the ability of the plant root systems
to extract water. This approach can be utilized to rapidly
evaluate genetic differences in root development under field
conditions.

5. ENHANCEMENT OF COTTON
ROOT GROWTH
5.1 Foliar Fertilization

Adverse environmental conditions during seedling de-
velopment have prompted interest in foliar fertilization of
seedlings to enhance growth, roots in particular, during this
critical stage. Although foliar application of urea-N or boron
to cotton during flowering is a widely used practice to en-
hance boll development, there has been relatively few stud-
ies on the benefits of foliar fertilization of cotton seedlings
and none of these recorded the effect on root growth. Field
research at five sites in Alabama showed that cotton yield
was not influenced by the foliar application of N-P,O-K O
(12-48-8) fertilizer made in one to three applications at 10-
to 14-day intervals starting at the 2- to 3-leaf stage (Edmisten
et al., 1993). However, root growth was not measured in
these studies. It has been speculated that foliar fertilization
could have a positive effect on droughted cotton seedlings.
In growth chamber studies in Arkansas, foliar-applied urea,
potassium nitrate, or Bayfolan did not improve the drought
tolerance of seedlings, i.e., plant-water relations were not
improved for continued growth during the stress (Holman
and Oosterhuis, 1992). In related studies, foliar fertiliza-
tion of vegetative cotton with the commercial fertilizers
Bayfolan or Solu-spray in waterlogged soil or under cool
temperatures had no positive effect on growth (Holman and
Oosterhuis, 1992). Again, root growth was not measured in
these studies. Although plants partition a greater percent-
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age of N to the roots compared to the shoots under water
deficit (Hake and Kerby, 1988), the overall concentration
of N is reduced and the plant is unlikely to benefit from the
small quantity of foliar N (Holman, 1993). Recent research
has suggested that applying foliar fertilizers after the relief
of drought stress to stimulate recovery and enhance growth
may be beneficial (E.M. Holman, unpublished data). It is
generally accepted that the use of foliar fertilizers on seed-
ling cotton has no significant effect on yield or root growth
although there may be some growth advantage after relief
of a stress.

5.1.1 Genetic Variability

Genetic variability in a number of root parameters in cot-
ton has been shown in a previous section of this chapter, to
occur across a range of environmental conditions. Quisen-
berry and McMichael (1996) indicated that genetic differ-
ences in rooting potential was related to plant productiv-
ity and that an increase in potential (primarily increases in
root branching and distribution) could result in increases
in yield of cotton under conditions of a drying soil profile.
Greenhouse studies conducted using twenty-five cotton gen-
otypes ranging from exotic accessions to commercial culti-
vars showed significant variability in the dry weights of root
systems of sixty day-old plants. The variability was greater
in the exotic accessions than in the commercial varieties
(Table 6-3; McMichael and Quisenberry, 1991). McMichael
et al. (1985) showed that the increased root xylem (vascu-
lar bundle) arrangements in the taproot of some of the ex-
otic cotton accessions resulted in a significant increase in
total vessel cross-sectional area and an increased number
of lateral roots. This increase suggested an overall decrease
in axial resistance to water flow in the root system which
may be associated with characteristics of drought tolerance
in plants with the increased xylem vessels. Oosterhuis and
Wallschelger (1987a) supported the finding that increased
water flux was associated with increased xylem cross sec-
tional area. However, an increased number of vessel el-
ements in the xylem of the primary root did not result in
any apparent decrease in axial resistance to water flow. The
increased number of lateral roots associated with increased
vascular bundles resulting in increased xylem vessels may
be important characteristics associated with drought toler-
ance in plants with the increased xylem vessels.

5.1.2 Plant Growth Regulators

Plant growth regulators (PGRs) have long been used
by researchers and producers in an attempt to control or
enhance cotton growth. Most of this attention has focused
on the above ground plant parts with little attention to the
root system. However, there have been a number of recent
reports of synthetic PGRs enhancing root growth. IBA and
mepiquat chloride (Pix™, 1,1-dimethylpiperidinium chlo-
ride) plus IBA stimulated cotton root growth, but Pix alone
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Table 6-3. Mean root dry weights averaged over experiments for
25 cotton genotypes grown in the greenhouse. Plants were 60 days
old at time of harvest. From McMichael and Quisenberry, 1992.

Genotype Root dry weight
(2
T184 3.95
T141 3.86
T252 3.30
T283 3.12
Tl 3.11
T171 3.08
T256 3.07
T461 2.83
T25 2.80
T115 2.79
T15 2.74
T1236 2.73
T185 247
T80 2.45
T45 2.36
Paymaster 145 2.16
Deltapine 61 2.15
G. herbaceum 2.15
Coker 5110 2.05
T151 2.03
T50 2.01
Tamcot CAMD-E 1.91
T169 1.87
Pima S-5 (G. barbadense) 1.77
Lubbock dwarf 1.63
LSD (0.05) 0.47

did not stimulate root growth (Urwiler and Oosterhuis,
1986). There have been reports of Pix™ decreasing root
growth and increasing the root/shoot ratio (e.g., Oosterhuis
et al., 1991a). Pix™ and Burst™ (a mixture of cytokinins)
increased the terpenoid aldehyde content of cotton roots,
whereas indole acetic acid (IAA), kinetin and gibberel-
lic acid (GA) either had no significant effect or increased
them (Khoshkhoo et al., 1993). Oosterhuis and Zhao (1994)
showed that soil-applied PGR-IV (Microflo Company,
Memphis, TN) in-furrow at planting increased root length
(+47%), total number of lateral roots (+23%), and root dry
weight (+20%) of cotton grown in pots in a growth cham-
ber. A number of commercially available PGRs have been
shown to have beneficial affects on root growth (Oosterhuis,
1996) and seedling development of field-grown cotton, but
these have not shown similar advantages in the field. While
there have been numerous exogenous PGRs applied to cot-
ton, few of these reports have paid any attention to root
growth. The enhancement and stimulation of root growth in
the field with PGRs is a relatively new and exciting prac-
tice, but additional research is needed to understand and
confirm the benefits and to determine the best way to use
this practice.
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6. METHODOLOGY OF ROOT
INVESTIGATIONS

There are numerous methods available to measure root
growth of plants (McMichael, 1986). The selection of an ap-
propriate method depends upon the objectives of the study
as well as availability of resources such as time, labor, and
money. Certain techniques are most suited for controlled
environment studies, while others are adaptable to field
investigations. Destructive techniques, although generally
more time consuming and labor intensive, are essential if
direct measurement of root surface area or root dry weight
is desired, especially if the data are to be used for purposes
of modeling growth or uptake of water and nutrients. Non-
destructive techniques, however, can be quite satisfactory if
more qualitative measurements of root growth are used to
compare treatment responses.

6.1 Destructive Techniques

Destructive techniques may result in removal of a por-
tion or all of the root system of a single or group of plants
from the origin of growth or exposure of a root system such
that serious alteration in plant growth occurs. The intent of
destructive methods is to obtain direct access to the root
system so that the roots can be analyzed directly for specific
characteristics such as length, weight, volume, anatomical
and morphological features, and microbial relationships. It
is often assumed that direct measurements of root growth
from destructive sampling are more accurate than indirect,
nondestructive methods. However, destructive sampling is
often more time consuming and laborious than nondestruc-
tive techniques and does not allow repeated measurements
on the same plant. There is also a serious limitation on the
number of samples that can reasonably be taken during a
growing season because of the time required to sample and
process roots and the limitations in storage space for the
unprocessed samples.

One of the most common destructive techniques for
measuring root growth is the soil core. Root length data ob-
tained from this method are often used as a baseline to com-
pare the accuracy of measuring root length by other meth-
ods such as the minirhizotron (Sanders and Brown, 1978;
Parker et al., 1991). This method allows direct measure-
ment of the length of roots within a known volume of soil,
often by the line intersect method (Tennant, 1975). Root
length density (length of roots per unit volume of soil) can
be calculated and is often reported to describe root distribu-
tion within a soil profile. However, inaccuracies in mea-
surement of roots may result from variations in fine root
recovery from soil and inability to distinguish between live
and dead roots. Brouder and Cassman (1990) and Mullins
et al. (1994) used the core method to evaluate the effect of
in-row subsoiling and plant growth in a vermiculitic soil,
respectively on root length densities of cotton. In addition
to root length and root length density, Prior et al. (1994)
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used the soil core method to measure cotton root volumes
and dry weights in response to CO, enrichment.

Other destructive methods for studying root growth in-
clude the monolith and trench profile techniques. The mono-
lith technique provides a three dimensional representation
of either part or all of a root system. With this technique,
large vertical sections of soil are removed with spade, probe
or in boxes and soil is removed by washing with water. The
size of the soil section removed depends upon the plant
species studied. Needle boards are sometimes driven into
the soil-root sample prior to washing so that the natural
original configuration of roots remains following removal
of soil. This technique allows for detailed studies of root
morphology (Nelson and Allmaras, 1969) and has been an
important tool to assess the impact of soil characteristics
such as compaction on root growth in the field (Vepraskas
et al., 1986). In order to gain an appreciation for the mor-
phological characteristics of roots without removing huge
monoliths, the trench profile technique can be employed.
With this technique, a vertical trench is excavated adjacent
to a root system of interest. The wall face is smoothed with
a spade, blade, or knife and 3- to 5-mm of soil is removed
with a gentle spray of water, air, or by gently brushing away
soil. Root distribution, root number, and root length can be
determined with this technique and is especially valuable
on row crops (Bohm, 1979).

6.2 Non-Destructive Techniques

Non-destructive techniques do not allow direct sam-
pling and analysis of the root system of an actively growing
plant. Since these methods do not allow intimate contact
with plant roots, there are limitations in the type of data that
can be obtained. Root dry weight can not be determined
by these methods, thus precluding the calculation of root
to shoot ratio on a weight basis, which is an important pa-
rameter to evaluate carbon allocation within a plant. The
advantages of non-destructive sampling, however, are that
measurements are usually more rapid than with destructive
sampling techniques, repeated measurements can be made
on the same set of plants throughout the growing season, a
greater frequency of sampling of roots can often be made
during a season, and root turnover rates can be measured to
assess root death, root initiation, and possibly root contribu-
tion to soil carbon (Cheng et al., 1991).

The most common of these techniques are the rhizotron
and minirhizotron. The rhizotron is an underground labora-
tory lined with transparent walls that make up the exposed
face of lined chambers or cells. These cells are often lined
with concrete and open at the surface. Soil is placed in the
cells to an appropriate bulk density and water content and
planted. Throughout the growth of the plants, roots that
come in contact with the transparent wall are traced and
root length calculated. New roots are traced with different
colored pencils each day in order to identify the most recent
growth. Sometimes roots are exposed to ultraviolet light
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and those that fluoresce are identified as roots that are active
in at least nutrient uptake (Dyer and Brown, 1980). Root
branching and root color can also be determined with this
technique. The rhizotron is the only technique that allows
the scientist to co-exist at the same soil depth as the actively
growing roots of a plant. Direct visual observations can be
made without the aid of a camera or mirror. However, sev-
eral disadvantages of this technique have limited adoption
of the rhizotron by most root researchers. These include
cost of building the structure, time and effort required to
empty and refill each cell with soil, and the limited number
of cells in a rhizotron which artificially restricts the number
of treatments that can be evaluated.

A miniaturized version of the rhizotron, the minirhi-
zotron, has become a focus of product development and
root scientists over the last two decades of the 20th century
because of it’s portability, accessability, and lower labor
and financial investment. The minirhizotron, like the rhi-
zotron, is a non-destructive technique that employs the use
of a transparent wall below ground. But unlike the rhizo-
tron, the minirhizotron does not require the construction of
a large, permanent facility in which soil must be prepared
and carefully placed into a limited number of cells prior to
making root measurements. The minirhizotron refers to the
hollow, transparent tube that is placed in excavated holes
in which a camera is usually inserted sometime during the
growing season to record roots of plants at the soil-tube in-
terface. Scientists have used tubes made of rigid materials
such as glass, plexiglass, and poly butyrate, or inflatable
materials (Gijsman ef al., 1991) that are shaped into cy-
lindrical or rectangular dimensions and placed vertically,
horizontally, or at an angle to the soil surface. Historically,
the root image has been obtained with a mirror (Meyer and
Barrs, 1985), 35-mm single lens reflex camera (Sanders
and Brown, 1978), black and white video camera (Dyer and
Brown, 1980), and with a color micro-video camera record-
ing system (Upchurch and Ritchie, 1984). A disadvantage
of the minirhizotron is that it appears to underpredict root
length near the soil surface in comparison to the soil-core
technique. Suggestions for this under prediction have been
light leakage at the soil surface into the tube (Levan et al.,
1987), compaction of the soil surface during tube place-
ment, and differential drying near the soil-tube interface
at the soil surface. However, Merrill and Upchurch (1994)
found a predicable relationship between the numbers of
cotton roots measured with the minirhizotron and the bulk
soil root length density. Although this technique has been
used to study the root growth of a number of agronomic and
horticultural crops, only recently has it been reported on
cotton. Bland and Dugas (1989) used horizontally placed
minirhizotrons to measure cotton root growth and soil wa-
ter extraction from lysimeters during a 2-yr period. Keino
et al. (1994) compared root growth of six cotton cultivars
representing three maturities under irrigated and non-irri-
gated conditions. As with the rhizotron, the minirhizotron is
a valuable tool for comparison of growth characteristics. In
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addition to having many of the advantages as the rhizotron,
the minirhizotron is portable, has a lower startup invest-
ment, and is less labor intensive.

6.3 Other Techniques

There are a number of other techniques besides those
mentioned that have been used to study root growth of
plants. Several excellent papers have provided overviews
of many of these techniques (Bohm, 1979; Upchurch and
Taylor, 1990). Often one technique is not satisfactory to
obtain all the desired information about root growth. Root
scientists should be familiar with several techniques and
use the appropriate ones as the need arises. Considerable
information about root growth is needed to provide a more
complete understanding about whole plant growth and to
develop strategies to increase the efficiency of production
practices. Techniques to study root growth are tools to be
used by the scientist. They should not drive the type of re-
search conducted. Rather, they should provide the means by
which the desired information is to be obtained.

7. CONCLUSIONS AND FUTURE
DIRECTIONS

The growth and development of the root system of cot-
ton has been shown to be genetically controlled, but sub-
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ject to modifications by a wide range of both above- and
below-ground environmental conditions. The overall pro-
ductivity of the plant is, therefore, influenced by the inte-
grated response of the roots to environmental stimuli. In
this chapter we have briefly touched on how the cotton root
system initiates and grows as well as a number of physi-
cal, chemical, and biological factors that influence root
development. We have also presented some strategies for
enhancing root growth in cotton such as taking advantage
of genetic variability and the use of plant growth regulators.
Finally, we have discussed some current methods for inves-
tigating root growth both in the field and in plants grown in
the greenhouse or growth chamber. Since these techniques
are readily available and can be incorporated into most cot-
ton research programs, future work should not neglect the
importance of taking into account the development of the
root system in evaluating cotton growth and productivity.
As molecular biology continues to make inroads into our
understanding of plant development and presents the pos-
sibilities for genetic engineering of plant growth processes,
the opportunity also exists for manipulating the growth and
development of the root system. These advances coupled
with the new concepts of precision farming for example,
may provide the means for maximizing cotton root system
for and function for maximum plant productivity.
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1. INTRODUCTION

Photosynthesis and its carbohydrate products are the
fundamental building blocks of most crops. That situation is
especially the case with cotton: the primary product for har-
vest and profit is cellulose (lint) which is 99% carbohydrate.

The temporal dynamics of cotton leaf photosynthesis
are affected by many factors. Internal (plant) factors in-
clude leaf age and competition between organs within the
plant for nutrients. External (environmental) factors affect-
ing photosynthesis include light, temperature, water status,
soil fertility, pests, diseases, and competition from weeds
or neighbors. Although many factors are important, this
chapter concentrates on leaf age and light because of their
importance in cotton’s canopy photosynthesis profile. The
age of a leaf, its light history and competition history are
strongly correlated because as a leaf ages, it is more shaded
by leaves subsequently formed and also has fruit develop-
ing nearby.

The use of simulation models and carbon budgets as re-
search tools has expanded in the past two decades at many
levels of plant organization. Single leaf studies enable cal-
culations of export (this chapter; Ho et al., 1984; Shishido
et al., 1990); whole plant studies allow us to refine under-
standing of the use of storage for grain filling (Hall et al.,
1990) and the relative energy requirements for assimilation
of NH, or NO, (Jeschke and Pate, 1992; Cramer et al., 1993).
Whole tree budgets for apples (DeJong and Goudriaan,
1989; Wibbe et al., 1993) or wood production (Deleuze and
Houllier, 1995) have been vital in research where the size of
plants prohibits intensive sampling. Carbon budgets for for-
ests (Singh et al., 1991; Lugo and Brown, 1992; Kurz and
Apps, 1994) or forest systems (Delcourt and Harris, 1980)

J.McD. Stewart et al. (eds.), Physiology of Cotton,

are the only way to evaluate the role of different systems
or activities in cycling and as sinks for carbon when the
size (x10° ha) and time scale (decades) also prevent direct
measurement.

Carbon budgets will be utilized in this chapter to illus-
trate the consequences of photosynthetic patterns for cotton
leaves and canopies. In Cotton Physiology (Mauney and
Stewart, 1986) some chapters dealt with important back-
ground material. Jensen (1986) presented the biochemistry
of photosynthesis and Mauney (1986b) discussed carbohy-
drate production and distribution in cotton canopies. Krizek
(1986) covered photosynthesis light response of cotton
leaves. Mauney (1986b) compared the measured rates of
leaf net photosynthesis in cotton at about 25 umolesCO,/
m?/sec (maximum 31) to canopy net photosynthesis rates
of up to 73 g CO,/m’/day to produce measured rates of
crop dry matter growth rates up to 30 g/m*day. Baker et
al. (1972) used measurements such as these to calculate the
potential cotton lint yield to be over 3000 kg/ha.

2. PLANT-CROP MORPHOLOGY

Mauney (1986a) stated that “The cotton plant has per-
haps the most complex structure of any major field crop. Its
indeterminate growth habit and sympodial fruiting branches
cause it to develop a four-dimensional occupation of space
and time which often defies analysis.” Understanding the
growth habit of cotton has been a special challenge for crop
physiologists for many years. The ultimate objective is to
apply this knowledge to manage the crop to improve yield,
earliness, quality, and other characters. Some examples of
the application of physiology to cotton crop management
are presented later in this chapter.

DOI 10.1007/978-90-481-3195-2 7, © Springer Science+Business Media B.V. 2010
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Figure 7-1. Progressive development of plant
development and leaf area showing the main
phenological stages and main-stem nodes, with
the leaf and boll development at main-stem node five
shown in more detail. Note the branches are depicted
diagrammatically in an alternate arrangement
but actually arise in a three-eights phyllotaxis.
Inset shows the general structure of the cotton plant.

The morphology of cotton is described by Oosterhuis
and Jernstedt (1999) and the fruiting branch structure is
shown in Figure 7-1. A typical pattern of fruiting in a cotton
canopy is shown in Figure 7-2. Hearn and da Roza (1985)
and Brook et al. (1992a) present examples of actual pat-
terns. In the Figure 7-2 example, the crop begins to produce
squares on day 45 and by day 60 these earliest squares have
reached the flower stage, so the number of green bolls in the
canopy begin to increase. The earliest bolls begin to open
by day 120 and green boll numbers decline as bolls open
progressively towards the top of the plant.

The dynamics of fruiting have been well documented
by Hearn and da Roza (1985), who present the concepts of
“feed forward”: where there is a rapid increase in fruiting
site initiation/production for larger plants; then “feedback”
where boll load reduces the rate of site production and fruit
retention (new branch and main-stem nodes). “Carrying
capacity” is an important concept consistent with the nu-
tritional hypothesis of fruit survival in cotton (Ehlig and
Lemert, 1973; Mauney, 1986b; Turner ef al., 1986). These
concepts are shown in Figure 7-2 as:

* A decreased rate of site production once a significant
boll load is on the plant after day 90.

* A high rate of square and boll retention in the early part
of the season (lower fruiting branches), then a reduced
retention for later fruit (Ehlig and Lemert 1973; Turner
et al., 1986). The change in retention pattern is evident
in Figure 7-2 as a reduced slope of the successive sites,
squares, green bolls and open boll curves.

Fruiting dynamics are also popularly analyzed in plant
mapping where the horizontal axis of Figure 7-2 becomes
the vertical axis (stem) of a cotton plant. The change in fruit-
ing site production and retention at different positions on a
plant are shown by Kerby et al. (1987) and Constable (1991).
The reduced retention of later fruit in those studies is clearly
shown to be from upper nodes or outer fruiting branch posi-
tions. This type of mapping data is now in common use to

total sites
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Figure 7-2. Seasonal pattern of fruiting dynamics
showing the production of fruiting sites and the
development of squares to green bolls then open bolls. In
this example, 49% of total sites survived to the open boll stage.

benchmark field crop growth. Hormones are clearly involved
in morphology, fruiting and shedding in cotton (Guinn,
1986), either directly or as the message carrier during growth
and development (Hearn and Constable, 1984).

Cotton is definitely unique in its perennial nature and
indeterminate growth habit; many leaves and fruit are pro-
duced - particularly with developing fruit(s) present at the
bottom of the leaf canopy and adjacent to older and more
heavily shaded leaves. This is in contrast to the growth
habit with other field crop plants such as wheat, grain sor-
ghum, or sunflower: the developing fruit(s) are at the top
of a canopy, near to youngest leaves and in full light. The
consequences of that difference in growth habit on the need
for assimilate movement and dependence of fruit on local
leaves for assimilates will be presented and discussed in the
following sections. Fundamental to the understanding of
cotton and its unique growth habit is the historical fact that
cotton is a tropical perennial shrub grown as an annual in
many temperate locations and in modern times usually as
a Tow Crop.

3. LEAF MORPHOLOGY

Results from measurements of leaf size profiles in un-
modified cotton canopies show that the largest leaves
are produced in the lower to central regions of the plant
(McClelland, 1916; Hearn, 1969b; Constable and Rawson,
1980b; Mutsaers, 1983; Constable, 1986). Leaves on fruiting
branches are smaller than the corresponding main-stem leaf at
the same node position by a factor of about 0.55, 0.4, and 0.3
for the first three positions on a fruiting branch, respectively
(Hearn, 1969b; Constable and Rawson, 1980b; Wullschleger
and Oosterhuis, 1987a). A typical profile of final leaf size on
intensively managed upland cotton plants is shown in Figure
7-3. In this example, the largest leaves (140 cm?) are on the
main-stem at node 8. Largest leaves on the fruiting branch at
that position in the canopy are only 77 cm?

Mutsaers (1983) presented a detailed physiological
explanation for these leaf size patterns. For lower leaves
during early growth, competition exists for assimilates
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Figure 7-3. Typical profile of final area of
individual main-stem and fruiting branch leaves on
a cotton plant (pos 1, pos 2, and pos 3 refer to the
first three leaves on each fruiting branch). This example
has no vegetative branches and the first fruiting branch
at node 7. The total area of leaves is 3500 cm? if plant
density was 10/m? giving a maximum leaf area index of 3.5.

between the leaf primordia within the growing point. For
upper leaves, the competition is between leaves and devel-
oping fruit. As a consequence of these two stages of compe-
tition, the middle region of a plant has the largest leaf size
because the competition in young seedlings has decreased
and competition with fruit has yet to begin.

Individual leaf growth follows a typical sigmoid pat-
tern, with the duration of leaf area expansion and specific
leaf weight increase being relatively constant at about 18
days between unfolding and final leaf area at normal tem-
peratures (Mutsaers, 1983; Constable, 1986).

4. LIGHT INTERCEPTION

Light penetration through a crop canopy is usually re-
lated to leaf area. Leaf size, arrangement, angle, and crop
density/row space will influence the relationship. Saeki
(1963) analyzed light interception data as:

I/Io = exp(-k * LAI) (7-1)
where I is light at ground level; lo is light above the crop
canopy; LAI is leaf area index; and k is the light extinction
coefficient. The value of k varies from 0.4 in canopies of
erect grass leaves to more than 1.0 in canopies of broad
leaf crops. Measurements of k for cotton canopies range
from 0.5 to 1.0 (Hearn, 1969b; Mutsaers, 1980; Constable,
1986; Heitholt ef al., 1992; Sadras, 1996b). For a cotton
canopy with LAI of 3, about 95% of incident light is inter-
cepted by the plants but light penetration through a canopy
can be affected by plant spacing (Constable, 1986; Heitholt
et al., 1992). Cotton stems and bolls can intercept up to
20% of light (Constable, 1986), so equation 7-1 may not be
linear (Fasheun and Dennett, 1982). In addition, within a
plant, a cotton leaf’s diaheliotropic movement (Lang, 1973;
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Ehleringer and Hammond, 1987) may increase access to
light for leaves on the end of branches, giving a calculated
daily photosynthesis increase of 9% when compared with a
horizontal leaf (Constable, 1986).

An understanding and description of the light intercep-
tion/penetration in cotton canopies is required to calculate
photosynthetic rates of individual leaves. Light receipt by
an individual leaf will be determined by the total leaf area
above that leaf and the extinction coefficient of the canopy
above that leaf, as in equation 7-1. The frequency distribu-
tion of light in a crop canopy is such that a leaf is either in
the sun or in the shade, not at half light. In fact, the same
leaf can alternate from shade and sun during the day, partic-
ularly up to mid morning and after mid afternoon (Whitfield
and Connor, 1980).

During early growth especially, a leaf will not stay at
the top of the canopy for very long because new leaves are
produced about every three days (Munro, 1971; Hesketh
et al., 1975; Constable, 1986). It is possible that six new
leaves have appeared above a leaf in the time it has reached
18 days of age. Using leaf sizes shown in Figure 7-3 with
equation 7-1, a leaf at node 18 has 300 cm? of leaf area
(LAI of 0.3) above it, meaning that approximately 25% of
total solar radiation is intercepted by the leaves on nodes 19
to 22. For leaf positions lower in the canopy, that degree of
shading is greater because the leaves above that position are
larger (Fig. 7-3).

5. PHOTOSYNTHETIC LIGHT
RESPONSE

A typical light response curve for net photosynthesis of
a cotton leaf is shown in Figure 7-4. This example using pa-
rameters measured by Constable and Rawson (1980a), is for
a leaf near the top of a canopy at its peak of photosynthate
production where 95% of peak net photosynthesis occurs at
about 50% of full sunlight. Instantaneous dark respiration
is less than 5% of instantaneous light saturated photosyn-
thesis and this leaf requires only 0.5 % of full sunlight to
be a net carbon exporter. This general pattern of photosyn-
thesis light response in cotton has been measured by many
authors (Burnside and Bohning, 1957; El-Sharkawy et al.,
1965; Pasternak and Wilson, 1973; Patterson et al., 1977,
Constable and Rawson, 1980a; Krizek, 1986).

Figure 7-5a shows the diurnal pattern of net photosyn-
thesis for a young and old leaf with the light response curve
of Figure 7-4. The curve for the young leaf shows a sharp
response to light after sunrise and before sunset. In addition
the saturation of net photosynthesis above 1500 pmoles/m2/
sec is evident as a plateau in the diurnal pattern. The curve
shape for an old leaf emphasizes the shading which occurs at
the bottom of a canopy, plus the reduction in net photosyn-
thesis for an old leaf (discussed below and Figure 7-6). In
this example, the older leaf exhibits less than 20% of the net
photosynthesis rate of a young, upper leaf. This difference
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Figure 7-5a. Time course of net photosynthesis
for a young fully-expanded cotton leaf at the top of
the crop canopy and a 50 day old leaf at the bottom
of the crop canopy. This day had daylength of 13 h,
maximum irradiance of 2300 umoles/m?/sec and
15% of light transmission to the lower leaf.
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Figure 7-5b. Time course of net photosynthesis

in response to water deficit (minimum leaf water

potential shown) for a young fully-expanded cotton leaf
at the top of the crop canopy (from Turner ef al., 1986).
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in photosynthetic production has consequences on local as-
similate supply and necessitates longer distance transport of
assimilates to bolls at this position in the canopy.

Pallas et al. (1967), Parsons et al. (1979), Turner et
al. (1986) and Puench-Suanzes et al. (1989) also demon-
strated the strong relationship between cotton crop water
status and leaf or canopy photosynthesis. Water stress has a
strong effect on net photosynthesis, particularly below 50%
plant available moisture (Constable and Rawson, 1982): as
a drying cycle progresses, the reduction in net photosyn-
thesis is first evident in the mid-afternoon when tempera-
ture and vapour pressure deficit are highest (Turner ef al.,
1986). The decline in response of photosynthesis to light
between morning and afternoon found by Baker (1965) is
also possibly due to water stress although Pettigrew and
Turley (1998) found mid-afternoon reductions in net pho-
tosynthesis even in well-watered plants. This was proposed
to be inhibition of the photosynthetic apparatus to dissipate
heat. These reductions in mid-afternoon net photosynthesis
are shown in Figure 5b.

6. PHOTOSYNTHESIS PATTERN
WITH LEAF AGE

The pattern of light saturated net photosynthesis for a
cotton leaf through its development and aging (Fig. 7-6) has
been measured in cotton by a number of research groups
(Elmore et al., 1967, Brown, 1973b; Nagarajah, 1975;
Constable and Rawson, 1980a; Cornish, 1988; Krieg, 1988;
Wallschleger and Oosterhuis, 1990a). Maximum net photo-
synthesis rates occur for a leaf about 16 days after unfolding
when the leaf is about 75 to 90% of final leaf area. After a
short plateau around 24 days of age, the rate of net photo-
synthesis declines slowly, reaching near zero by leaf senes-
cence at about 70 days. Concomitant with this reduction in
photosynthesis, light saturation occurs at about 25% of full
sunlight for older leaves (Constable and Rawson, 1980a).

Net pthO;syn-t-l;e-s-.i-s- t;;nnules “C(.)Zh.:m-zﬁ’ sec

5.0

Leaf age (days)

Figure 7-6. The typical pattern of light
saturated net photosynthesis of a cotton leaf for
the 70 days following leaf unfolding.
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At least two research laboratories have studied photo-
synthesis patterns of leaves during development and ageing
in a range of species. In Australia, Rawson found similar
ageing patterns for photosynthesis in a range of crop spe-
cies including tobacco (Nicotiana tabacum, Rawson and
Hackett, 1974), soybean (Glycine max, Woodward and
Rawson, 1976), cotton (Gossypium hirsutum, Constable
and Rawson, 1980a), sunflower (Helianthus annuus,
Rawson and Constable, 1980a), pigeonpea (Cajanus cajan,
Rawson and Constable, 1980b) and wheat (Triticum aesti-
vum, Rawson et al., 1983). In Czechoslovakia, Catsky et al.
(1976) studied ontogenic changes in photosynthesis of bean
(Phaseolus vulgaris). Generally for both research groups,
all leaf positions in the crop canopy (either along a branch,
or different positions on the main-stem), had a similar over-
all pattern of aging as described above.

What are the reasons for changes in photosynthesis as
a leaf ages? The photosynthetic characteristics of leaves as
affected by age and insertion level on the plant have been
renewed by Sestak and co-workers in a series of articles
from 1977 to 1983. The reviews covered numerous plant
species including cotton. Separate reviews covered chloro-
phyll (Sestak, 1977a), electron transport (Sestak, 1977b),
carotenoids (Sestak, 1978), enzymes (Zima and Sestak,
1979), CO, compensation concentration (Ticha and Catsky,
1981), intercellular conductance (Catsky and Ticha, 1982),
stomata (Ticha, 1982) and stomatal reaction (Solarova and
Pospisilova, 1983).

From these reviews it was clear that all components of
the photosynthetic apparatus change in parallel with leaf
ontogeny. Compared with a fully-expanded leaf, a develop-
ing leaf has less chlorophyll, less enzymes, and less devel-
oped stomata; an aging leaf also has reduced chlorophyll
and enzyme activity (also shown in cotton by Wells, 1988).
In general there was a slightly greater change in mesophyll
conductance than in stomatal conductance during leaf age-
ing, probably because more than 75% of total resistance in a
leaf'is in the mesophyll (Catsky and Ticha, 1982). Ticha and
Catsky (1981) surmised that CO, compensation concentra-
tion, net photosynthesis, gross photosynthesis, light respira-
tion, dark respiration, mesophyll resistance, and photosyn-
thetic enzyme activity were all highly correlated during leaf
ontogeny. In other words, all the changes to photosynthetic
characteristics of a leaf were associated or at least changed
in parallel through their lifetime. Such balance in develop-
mental sequence makes sense as there is little evolutionary
advantage in a leaf investing in protein resources in a leaf
with low potential/capacity for photosynthesis due to shad-
ing. Furthermore, withdrawal of nutrients from a leaf in the
time leading up to senescence allows for these nutrients to
be redistributed.

The pattern of photosynthetic activity for cotton leaves
is typical of most other plants. Accelerated reduction of
leaf photosynthesis with lower leaves of cotton was attrib-
uted to light history or nitrogen status (Wullschleger and
Oosterhuis, 1990b). Also, low light induced photosynthesis
reduction has been measured in cotton (Nagarajah, 1976)
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and it is reasonable to expect such an effect, especially in
dense leaf canopies. Resumption of upper leaf growth once
boll growth has ceased also shows the role of competition
from bolls in affecting leaf ageing (Wells, 1988).

7. CARBON BUDGET - LEAF

The pattern of carbon assimilation by a leaf can be
used to calculate potential export from leaves within the
crop canopy. Information at that level is important for our
understanding of cotton physiology because of the inde-
terminate growth habit. Labelling studies have shown that
the leaves adjacent to a boll are the most important in pro-
viding assimilates to that boll (Ashley, 1972; Horrocks et
al., 1978); although other leaves above a boll also provide
assimilates (Constable and Rawson, 1982; Brown, 1973a;
see below). The distribution of leaf area in the canopy in
relation to boll weight has also been described (Oosterhuis
and Wullschleger, 1988). The pattern of boll set and growth
is therefore affected by the pattern of assimilate produc-
tion and distribution within the plant. Crop management to
manipulate yield and earliness of cotton relies on accurate
knowledge and exploitation of this physiology.

The values of dark respiration, leaf growth, and net
photosynthesis can be integrated to estimate daily net po-
tential carbon export for a leaf (Constable and Rawson,
1980b). Figure 7-7 shows the results of those calculations
for a single cotton leaf with a final leaf area of 100 cm?.
Daily demands for leaf growth peak at 20 mg C on day
eight; the leaf is exporting a similar amount of carbon by
that age. Daily (24h) leaf respiration of 5 mg C peaks at
about day 15; the leaf is exporting more than 20 times that
amount at this age. Daily export of carbon from a leaf peaks
at about 100 mg C at age 23 days, equivalent to about 1 mg
C/cm?/day.

Similar calculations can be made for minerals.
Measurements of nitrogen (N) concentration of cotton leaves
as they emerged, expanded and aged show that a leaf im-
ports N up to about 23 days of age (Thompson et al., 1976).
Comparison of the carbon and nitrogen budgets at a leaf
level show one phase of leaf development from age 7 to 23
days, where a leaf exports C and imports N. Younger leaves
import both C and N; older leaves export both C and N.

For modelling purposes, potential photosynthesis is
determined by developmental age using the types of pat-
terns illustrated in Figure 7-6. Puech-Suanzes ef al. (1989)
estimated canopy photosynthesis from leaf photosynthesis
using similar relationships. Wullschleger and Oosterhuis
(1992) used age class dynamics to calculate leaf area and
carbon production profiles in cotton canopies. Peng and
Krieg (1991) showed that leaf photosynthesis decreased as
a cotton crop aged from 70 to 115 days, canopy photosyn-
thesis reached a maximum at 80 to 90 days, then decreased.
Similarly, Bourland et al. (1992) showed canopy photosyn-
thesis in cotton was maximized at 60 to 70 days and then
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decreased sharply. These measured patterns are consistent
with results from classical growth analysis (Hearn, 1969b;
Constable and Gleeson, 1977) where Net Assimilation Rate
decreased with canopy age even at similar total leaf areas.
The pattern and rates of development, photosynthesis and
respiration are very similar for different leaves on the fruit-
ing branch and insertion levels on the main-stem (Constable
and Rawson, 1980a; Ticha and Catsky, 1981; Wullschleger
and Oosterhuis, 1989b). Thus, the pattern presented in
Figure 7-6 is repeated at regular intervals along a fruiting
branch and up the main-stem. Additional assimilates are re-
quired for stem growth and respiration associated with plant
structure. Leaf-stem ratios for different positions within the
cotton plant have been measured (Constable and Rawson,
1980b) and allow the assimilate requirement for stems to be
estimated at the same time as their associated leaves.

8. CARBON BUDGET - BOLL

Figure 7-7 shows potential export for a leaf. How do
those values compare with requirements of growing fruit?
Growth analysis can measure fruit growth (eg. Hearn,
1969b) and estimates or measurements of respiration can
allow similar carbon budgets for fruit for comparison with
leaf export (Inamdar, 1925; Baker, 1965; Constable and
Rawson, 1980c; Wullschleger and Oosterhuis, 1992).

Bracts and boll walls are capable of photosynthesis, at
about 10% of the rate of leaf tissue (Morris, 1965; Brown,
1968; Ashley, 1972; Elmore, 1973; Benedict and Kohel,
1975; Constable and Rawson, 1980c; Wullschleger and
Oosterhuis, 1990c). Reduced numbers of stomata and less
chlorophyll, particularly in the boll wall, have been asso-
ciated with the low rates of photosynthesis (Brown, 1968;
Elmore, 1973; Patterson ef al., 1977; van Volkenburgh and
Davies, 1977; Nagarajah, 1978; Bondada et al., 1994).
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Figure 7-7. The calculated carbon budget
for a cotton leaf with a final area of 100 cm?. Export
of carbon is leaf growth and respiration requirements
subtracted from integrated daily net photosynthesis
for a day of full sun (from Constable and Rawson, 1980b).

Estimates show the fruit can provide between 4 and 10%
of their own carbon requirements (Benedict and Kohel,
1975; Constable and Rawson, 1980c; Wullschleger and
Oosterhuis, 1990d). Some of the carbon respired by fruit is
recycled through photosynthesis in cotton (Wullschleger et
al,. 1991) and soybean (Sambo ef al., 1977).

The net import requirements for a square increase from
about 2 mg C/day to 15 mg C/day between appearance and
the day before anthesis. A high rate of respiration on the day
of anthesis means 25 mg C is required on that day. The high
rate of respiration on the day of anthesis is notable and has
been measured in both cotton (Baker and Hesketh, 1969;
Constable and Rawson, 1980c) and sunflower (Rawson and
Constable, 1980a). The calculated daily photosynthesis,
respiration and growth for a cotton boll is shown in Figure
7-8. The pattern shows the small positive photosynthesis
from bracts and boll wall during daylight up to 10 days past
anthesis, with increasing dark respiration reaching 20 mg
C/day by day 40. Growth requirements for a boll peak at
about 90 mg C/day on day 20. Combining growth and res-
piration requirements for a boll gives a peak import require-
ment of about 100 mg C/day at 25 days after anthesis.

Combining the leaf area profile (Fig. 7-3) with the car-
bon budget calculations (Fig. 7-7) will produce a profile of
potential carbon export for a main-stem segment of leaf,
stem, branch and fruit. These patterns are shown in Figure
7-9 for main-stem nodes 5, 7 and 13. These data show the
importance of leaf size and leaf ageing on assimilate pro-
duction profiles. The peak daily demand by a cotton boll of
about 100 mg C, is strikingly similar to the production by a
single leaf (Fig. 7-7). However the timing of the supply and
demand are not synchronised (Hearn, 1969b; Constable and
Rawson, 1980b; Wullschleger and Oosterhuis, 1990d). This
difference is particularly evident for the bottom (lower) fruit
positions on the cotton plant: peak production of carbon by
bottom leaves is about 25 days before peak demand of bot-
tom bolls, so at the time of peak boll growth in that region,
the boll must obtain carbon from other (upper) leaves and/
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Figure 7-8. Calculated carbon budget for a
cotton boll, showing daily photosynthesis, dark
respiration, growth, and total import required. This
example is for a boll with final weight of bracts, boll wall,
seed and lint of 7 g (from Constable and Rawson, 1980c).
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Figure 7-9. Calculated carbon budget for three
main-stem nodes comprising main-stem leaf, stem,
fruiting branch, with three leaves and one boll. These values
are for full sun (from Constable and Rawson, 1980b).

or have a reduced growth (Fig. 7-9). This is illustrated for
main-stem node 5 at 60 days where all the leaves at that node
only provide half the carbon requirements for a boll at that
location. Longer-distance movement of assimilates from up-
per leaves will be required to support those lower bolls.
Redistribution of assimilates must be a fundamental
process within the cotton plant. During vegetative growth
the largest leaves are providing assimilates for new growth,
including new leaves. During boll growth these same upper
leaves are now required to provide supplementary assimi-
lates to lower bolls because leaves in that zone are old and
shaded: C label applied to pre-squaring plants has been
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subsequently found in bolls on those plants, confirming re-
distribution (Constable and Rawson, 1982).

9. SIGNIFICANCE FOR MANAGE-
MENT OF COTTON

Boll size profiles measured in cotton canopies are simi-
lar to the leaf size profile shown in Figure 7-3 (Kerby et
al., 1987; Constable, 1991), emphasizing the importance of
local assimilate supply in determining boll growth rates and
confirming labeling studies mentioned above. Largest bolls
are found near the bottom of a cotton plant, on about the
third fruiting branch and with bolls closest to the main-stem
on each fruiting branch. Loss of fruit from insect, disease,
or stress will create an opportunity for compensation where
other fruit on the same branch, or elsewhere on the plant will
survive instead of being shed; or grow larger (Hearn and
Room, 1979; Constable, 1991; Sadras, 1995). The loss of
fruit from the first position means bolls on the second or third
position will grow larger (Constable, 1991). Compensation
on a whole canopy basis is an important aspect of damage
thresholds in cotton pest management (Brook et al., 1992a;
Sadras, 1995) and up to 40% of early fruit can be lost before
economic damage can be measured.

Fibre quality profiles are similar to boll size profiles
(Kerby and Ruppenicker, 1989). Lower and upper bolls
have reduced fibre quality compared with middle bolls.
Lower bolls generally have better temperature conditions
and less competition, although rank crops may have re-
duced fibre properties from lower bolls (Hearn, 1976).
Upper bolls may be maturing during cooler temperatures
and are competing with other bolls at a time of reduced as-
similate supply from older leaves (Fig. 7-9).

The morphology of a cotton plant and these patterns of
photosynthate production emphasize many aspects which
assist in understanding field management and crop response
to climate. The close association between leaf size patterns
on a plant and subsequent boll size patterns confirms the
heavy reliance of bolls on local photosynthate. The carbon
budgets presented here also indicate longer distance move-
ment of assimilates is required. On this basis alone a good
balance between vegetative and reproductive growth is
very important — it would be desirable to have larger leaves,
but to do so would create considerable shading of lower
leaves. Landivar ef al. (1983) demonstrated from modeling
that maintaining leaf photosynthesis instead of aging would
improve yields. Management of fertilizer, irrigation, and
growth regulators are aimed at assisting crop agronomists
to maintain the required balance. Growth regulators have
become a common management tool in cotton. The abil-
ity to restrict unnecessary vegetative growth can increase
yield and earliness under some conditions (Kerby, 1985;
Cothren, 1994). Guidelines on decisions for growth regula-
tor use have been based on optimizing vegetative growth
during early flowering (Constable, 1994).
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Cotton is normally grown on rows about 100 cm wide
with a plant density about 10/m? This spacing is to fa-
cilitate many aspects of management, especially harvest.
Ultra-narrow row (UNR) cotton is a production system
where row spacing maybe 25 cm, with a plant density of
25/m?. Finger-stripper harvesters are required. The UNR
system was researched more than 30 years ago (Briggs et
al., 1967) and adoption is now being facilitated by devel-
opments in growth regulators, insect- and herbicide-toler-
ant transgenics, as well as harvesting equipment. A higher
plant density means fewer bolls are required per plant, po-
tentially reducing the time to set the same yield. Applying
the morphology and photosynthesis patterns presented here
to UNR systems will emphasize the importance of balanc-
ing vegetative growth. Heavy shading of lower bolls will
prevent or inhibit their development (Brown, 1971) negat-
ing the intention of UNR to achieve earliness.

Cotton’s morphology and physiology may be more
complicated than some other field crops, but the package
works well under ideal conditions. There are examples in
Australia of commercial yields near the 3000 kg lint/ha po-
tential calculated by Baker ef al. (1972). Crop management
and plant breeding have both played a role in the progress
over 30 years. The challenge for scientists and managers is
to increase the proportion of cotton fields which reach their
potential in a sustainable way.

10. SUMMARY

The morphology of cotton plants and canopies and
the pattern of photosynthate production of leaves are key
characteristics of cotton which make it very different than
most other field crops. An indeterminate growth habit and
relatively long development periods for fruit are important
components of fruiting dynamics. There is now consider-
able literature to show that the nutritional hypothesis of

fruit survival can be used to understand fruiting dynamics,
with concepts such as feed forward, feedback, and carrying
capacity explaining fruiting site generation and fruit shed-
ding.

The largest leaves on a cotton plant are produced on the
main-stem in the lower to central regions of a plant. Typical
large leaves are about 140 cm?. Leaves on fruiting branches
are usually half the area or less than the main-stem leaf on
the same node. Competition with other leaves, and particu-
larly with fruit, has been proposed as the mechanisms be-
hind these leaf size patterns. Leaves appear at about three
day intervals and each leaf takes about 18 days to reach full
size. As a result, by the time a leaf reaches full size, there
may be six new leaves produced above it, intercepting about
25% of solar radiation — a significant degree of shading.

Light-saturated net photosynthesis of cotton leaf peaks
when the leaf nears full size, then declines, reaching near
zero by leaf senescence. All components of the photo-
synthetic apparatus change in parallel with leaf ontogeny.
Compared with a fully expanded leaf, a developing leaf has
less chlorophyll, less enzymes, and less developed stomata;
an aging leaf also has reduced chlorophyll and enzyme ac-
tivity. Withdrawal of nutrients from senescing leaves to bet-
ter placed leaves or to fruit is a strategy to best utilize plant
resources.

It was calculated that a young fully expanded leaf could
produce about 1 mg carbon/cm*day and that the peak car-
bon demand by a cotton boll was about equal to the leaf
production. However, the timing of photosynthate supply
from leaves and demand from fruit are not synchronized:
at lower levels on a cotton plant, peak leaf photosynthate
is about 25 days before peak demand by adjacent bolls.
Therefore, longer distant transport of assimilates is required
to support lower bolls. It was concluded that a good balance
between vegetative and reproductive growth is required to
optimize fruit initiation, boll setting, and yield.
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1. INTRODUCTION

Metabolite source/sink relationships govern assimilate
partitioning, developmental rates, and fruit abscission in
cotton. This subject is, therefore, of primary importance in
the improvement of cotton plant types and in cotton cul-
ture. Here, we focus on research which has led to an under-
standing of metabolite source/sink interactions and second-
ary physiological effects resulting from those interactions.
Much of this research has been done in controlled environ-
ments and some of it has been aimed at the development
and testing of crop simulation models.

In nature, variations in source/sink relations result from
stresses. A convenient definition of ‘stress’ is any factor that
reduces organ growth below its genetic potential at a given
temperature. Here growth is defined as dry matter accre-
tion. In general, stresses should be thought of as syndromes
in which various physiological processes and even various
organs are affected at different stages of stress development.
For example, as drought stress becomes increasingly more
severe, photosynthesis is reduced from its maximum rate
before leaf growth is affected (Boyer, 1970) and leaf growth
is reduced before that of root growth. Moreover, within a
tissue, cell elongation is far more sensitive to drought than
cell division and the developmental period of the cell may
be extended, unless significant osmotic adjustment occurs
(Meyer and Boyer, 1972). Thus, on rewetting, an extraor-
dinarily large number of unexpanded cells may exist which
can cause a source/sink imbalance and may result in fruit
shed. Or, where osmotic adjustment has occurred (c.f,
Kirkham et al., 1972; Terry et al., 1971), cell enlargement
may be affected at a later, more severe stage of drought than
cell division. Drought stress may affect transpiration and

J.McD. Stewart et al. (eds.), Physiology of Cotton,

the consequent entrainment and supply of mineral nutrients
differently than photosynthesis (Baker et al., 1983).

We will explore these and other plant stresses in this
chapter, but with this simple discussion it is clear that
source/sink relations can become a very complicated sub-
ject. Thus, special tools and facilities are needed to unravel
these interconnected effects into their component parts and
to reassemble them into an understandable form whose va-
lidity can be tested against field observations.

1.1 Tools and Facilities for the Study of

Source/Sink Relations

F.W. Went (1963) pioneered the development of phyto-
trons as facilities for the complete and reproducible control
of plant environments, and he pointed out their capability
for independent control of most of the relevant environ-
mental variables affecting crop physiological processes.
The work of J.D. Hesketh and the others in the Canberra
Phytotron and in the Southeastern Plant Environment
Laboratory (SEPEL) at Duke University will be reviewed
here because of its great contribution to the early database
on cotton growth and development.

Phytotrons, however, have a number of very severe
limitations for the study of plant source/sink relations, and
of the many that were built, very few are still operational.
One problem is the cost of operations. Another problem is
that neither the light quality in phytotrons nor the restricted
root environments of potted plants are similar to that found
in the field. For example, in a carbon dioxide enrichment
study with cotton, Thomas and Strain (1991) demonstrat-
ed that inadequate rooting volume was clearly associated
with reduced photosynthetic capacity. They found that the
reduced sink strength caused by restricting root growth in

DOI 10.1007/978-90-481-3195-2 8, © Springer Science+Business Media B.V. 2010
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pots resulted in reductions in photosynthetic rate that were
not associated with decreased stomatal conductance, but
rather due to a down regulation of ribulose-1,5 bisphos-
phate carboxylase (Rubisco) activity. Arp (1991) also re-
ported a similar sink-limited feedback inhibition of photo-
synthesis resulting from the restricted root growth of potted
plants. As another example, Baker ef al., (1983) found that
the time intervals between main-stem nodes were thirty
percent longer in the field than in the phytotron. Phytotrons
have some value in studies of temperature effects on growth
(sink capacity) and developmental rates, but perhaps their
greatest shortcoming is their inability to provide photosyn-
thesis (source), respiration and transpiration data. Not only
are data on photosynthesis under natural light lacking, but
the capability to systematically manipulate source, via at-
mospheric CO, relative to sink, is lacking, and this hampers
understanding of source/sink relations.

The Soil-Plant-Atmosphere-Research (SPAR) system,
(Phene et al., 1978) was developed to overcome these and
other problems in phytotrons. These outdoor, naturally sun-
lit, computer controlled plant growth chambers (Fig. 8-1)
were equipped with a soil lysimeter, 1 m deep and 2 x 0.5
m in cross section. The lysimeters have wire reinforced
glass fronts for root observation and measurement, and are
topped with transparent Plexiglas boxes 1.5 m in height. To
prevent soil respiration from complicating measurements of
canopy gas exchange, the soil surface is sealed around plant
stems with an inert plastic film. Apparent photosynthesis is
calculated and recorded every 15 min from a set of mass
balance equations that depend mainly on the amount of CO,
injected into each chamber to replace CO, taken up by the
growing crop canopy in order to maintain a desired CO,
concentration set point. Respiration rate is measured after
sunset at the daytime air temperature (Acock and Acock,
1989) and this is used as a surrogate for daytime respira-
tion for the estimation of the preceding daytime gross pho-
tosynthetic rates. Photosynthetic rates can be manipulated
by controlling the chamber atmospheric CO, concentration
over a wide range. Transpiration is measured every 15 min
as the amount of condensate from the cooling coils used
to control chamber humidity. A 10-unit SPAR installation
costs a small fraction of what is required to build and oper-
ate a phytotron.

Controlled environment facilities are necessary sources
of data for the development of physiological process rate
equations for the analysis and understanding of source/sink
interactions. The assembly of these data into a coherent
mathematical system is the primary goal in the develop-
ment of process-level crop simulation models. This assem-
bly of the dynamic physical/physiological process-level
simulation model from such data bases and the subsequent
meticulous validation of the resulting models against field
observations is one of the most powerful means available
to develop and confirm our understanding of the interrela-
tionships among soil, plant and atmospheric processes. The
SPAR system was conceived expressly for the purpose of
crop simulation modeling.

Figure 8-1. A Soil Plant
Atmosphere Research (SPAR) unit.

1.2 Dynamic, Process-Level, Crop

Simulation Models

Most scientists studying source/sink interactions in
plants have some sort of mental image (model) of how
metabolites are produced and distributed. Photosynthesis,
growth, and development must all be considered, and these,
along with underlying physiological processes, are all
treated explicitly in materials balance, dynamic simulation
models such as GOSSYM (Baker et al., 1983). Materials
balance crop simulation models are typically built up from
modules representing the plant and soil processes within
the constraints of the available database. The modules are
arranged so that driving variables for a particular process
are calculated, as needed, in modules executed earlier in the
computations. For example, the cotton simulation model
GOSSYM is arranged as shown in Fig. 8-2 (McKinion and
Baker, 1982).

In GOSSYM, the weather data is processed before the
soil subroutines. The soil routines provide the plant model
with estimates of soil water potential in the rooted portion
of the soil profile (used in estimating plant turgor), esti-
mates of the nitrogen entrained in the transpiration stream
and available for growth, and estimates of the sink strength
of the root system. The below ground processes are treated
in a two-dimensional grid, 1 cm thick. Material balances
of water, nitrate, ammonium, organic matter, and three age
classes of root dry matter are maintained and updated sev-
eral times per day. Roots grow and water and nitrates flow
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Figure 8-2. Flow diagram of

GOSSYM. Rectangular boxes represent
various modules consisting of one or more subroutines.

along water concentration gradients. Root growth incre-
ments are modeled as functions of soil temperature and soil
water content at the location of the growing root. Here, root
growth increments are proportional to the biomass in an age
category capable of growth. Root growth increments are
calculated separately for three categories of root tissue age,
with young and middle aged roots representing the strongest
sinks (g of assimilate required per g of growing tissue).

In the subroutine PNET, leaf water potential, canopy
light interception, and canopy photosynthesis and respira-
tion are all calculated. In the subroutine GROWTH, poten-
tial dry matter accretion of each organ is calculated from
organ temperatures generated by a set of energy balance
equations. This potential growth is then adjusted for turgor
and nitrogen availability. Photosynthate and any reserve
carbohydrates are partitioned among various plant organs in
proportion to each organs contribution to the total demand.
This partitioning factor is the carbohydrate supply:demand
ratio. In PLTMAP, fruit loss and developmental delays are
added to plastochron intervals calculated as functions of air
temperature. The program cycles through these modules
one day at a time to the end of the season when selected
plant descriptors can be printed out.

Our point in this brief description of a materials-bal-
ance, dynamic simulation model is to illustrate that it is
feasible to assemble, in a useful and comprehensive struc-
ture, knowledge and data about all the processes involved
in source/sink interactions. Our purpose here is to review
the literature pertaining to these processes in cotton.

Baker and Baker
2. THE SOURCE

2.1 Photosynthesis

The genetic makeup of the plant determines its un-
stressed capacity to carry on photosynthesis. Genetic make-
up also determines the plant’s responses to various stresses,
many of which operate by altering stomatal aperture and
rate of leaf senescence. Thus, we may think of photosyn-
thesis as some stress-modulated fraction of its genetic po-
tential. The amount of assimilate actually produced by the
plant depends in part on the size of the plant and the physi-
cal arrangement of its leaves. The architectural character
of the plant, including size and heliotropism are, in part,
genetically determined.

Pettigrew et al., (1993) compared photosynthesis, and
leaf anatomy in field plots of super okra, okra, and normal
leaf-type isolines differing in size and degree of lobing. The
okra and super okra isolines averaged 22 and 24% greater
leaf P respectively, than the normal leaf isoline. Leaves
of the éuper okra and okra isolines were 42% thicker than
the normal leaves. They observed greater stomatal diffusion
resistances in the super okra and okra leaves than in the nor-
mal leaves and water use efficiency was greater for the okra
and super okra than for the normal leaves. They found that
Rubisco concentrations per unit stroma area were similar
among chloroplasts of the different genotypes.

Photosynthesis was also affected by plant morphologi-
cal and environmental factors. El Sharkawy and Hesketh
(1965) found no difference in leaf photosynthesis among
five Gossypium species with leaf thickness ranging from
115 to 187 um. However, Hesketh (1968) reported lower
leaf apparent or net photosynthesis (Pn) rates for cotton
grown at low irradiances. Benedict (1984) speculated that
this lower Pn is probably due to the lower-irradiance leaves
being thinner. Patterson et al. (1977) found field-grown cot-
ton had a two-fold higher leaf Pn than that of plants grown
in growth chambers under artificial light then compared
stomatal diffusive resistance, leaf anatomy, and chloroplast
lamellar characteristics in search of the reasons for these
differences. They found that light saturated stomatal dif-
fusive resistances did not differ in leaves of the same age
class. The leaves of plants grown in the field were thicker
with smaller photosynthetic units than those from cham-
ber-grown plants. Because leaves of field-grown plants also
contained more chlorophyll per unit area, they also had
many more photosynthetic units per unit leaf area. When
leaf Pn values were expressed on mesophyll volume or per
unit of chlorophyll, differences between field-grown and
chamber-grown leaves were in substantial agreement ex-
cept at very high light levels. Both Patterson ef al. (1977)
and Pettigrew et al. (1993) concluded that genotypic dif-
ferences in Pn are likely due to a greater concentration of
photosynthetic apparatus per unit leaf area caused by leaf
thickness differences.
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Figure 8-3. Maximum apparent photosynthetic rates
of cotton leaves of various stages. From Reddy et al. (1991).

The photosynthetic efficiency of cotton leaves varies
with leaf age as shown for field-grown cotton in Fig.8-3.
For cotton, leaf Pn increases until leaf expansion is com-
plete at 16 to 20 days and then declines with increasing leaf
age and senescence (Reddy ef al, 1991). Constable and
Rawson (1980a) and Wullschleger and Oosterhuis (1990a,
d) reported similar declines in leaf Pn measured at near
light saturation (P__ ) (Fig. 8-3).

2.2 The Role of Leaf Senescence in

Source Reduction

An indeterminate woody perennial, such as cotton, has
a completely different strategy with regard to senescence
than does an annual plant. Even extremely determinate vari-
eties of cotton do not invest so much photosynthate in fruit,
to the exclusion of leaves and roots, that the latter become
ineffective. In fact, depending on the cultivar and environ-
mental conditions, whole canopy gross phtosynthesis (Pg)
may continue with little reduction in efficiency through cut-
out and re-growth.

Kornish (1988) reviewed all of the factors associated
with (but not necessarily causing) leaf senescence. He
noted that any response to a plant growth substance (e.g.,
hormones) is really a response to the balance of the plant
growth substances in the tissue.

Peng and Krieg (1991) measured canopy and leaf pho-
tosynthesis along with canopy light interception in a highly
determinate variety of cotton in order to investigate the
effects of plant age on senescence during the fruiting pe-
riod. The leaf area index (LAI) in their 1 m rows remained
virtually constant, while crop canopy light interception
increased from 55 to 77% during the fruiting period. This
indicates that the crop was growing new leaves at about the
same rate that senescing leaves were being shed. The in-
crease in canopy light capture over this period indicates an
improvement in leaf display, probably via increased stem
extension. They recorded a decline in leaf and canopy Pn
between day 103 and day 111 of their experiment. But on
further examination of the data they found that if the data
were corrected for increased respiration associated with the
increase in biomass over this time period, the Pg remained
constant (Kreig, personal communication). These findings
are similar to those of Baker et al. (1972).
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2.3 Temperature Effects on

Photosynthesis

Baker et al. (1972) measured Pg in field-grown cotton
immediately after enclosing 2 m? segments of two crop
canopies in a naturally sunlit, portable, temperature con-
trolled chamber. The second setup contained older plants
with a greater biomass. These results are presented in Fig.
8-4. When the canopy Pn data were adjusted for respira-
tion losses, all of the data fell on the same response curve
regardless of temperature or biomass. It is important to
note that the data in Fig. 8-4 are whole canopy Pg and not
single leaf photosynthesis. Single leaf photosynthesis typi-
cally displays a distinct temperature optimum (Percy and
Bjorkman, 1983; Long, 1991). Lack of sensitivity of whole
canopy photosynthesis to a rather broad range of season-
long air temperature treatments has also been reported for
other species including soybean (Jones et al., 1985) and rice
(Baker and Allen, 1993).

Reddy et al. (1991) measured cotton canopy Pg in 5
sunlit SPAR units over a 37-day period during fruiting. Day/
night temperature treatments ranged from 20/10° to 40/30°C
in 5° increments. They also recorded dry matter partitioning
to stems, leaves, roots, and fruit. They found a strong tem-
perature optimum for boll growth at 30/20°C (Fig. 8-5). As
in the case of the earlier work (Baker et al., 1972), initially
there was very little temperature effect on photosynthesis.
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Figure 8-4. Gross canopy photosynthesis
vs. light intensity in cotton crops of different
weights, and at various air temperatures and
vapor pressure deficits. From Baker et al. (1972).
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Reddy et al. (1991) concluded that there was an associa-
tion between boll growth rate and photosynthetic efficiency.
The 40/30°C plants shed virtually all of their fruit in the
square stage and partitioned nearly all their photosynthate
to growth of new vegetative structures including leaves.
Thus, the temperature optimum plants at 30/20°C had high
photosynthetic rates in spite of the fact that their leaves were
much older than in the 40/30°C treatment.

On the other hand, chilling temperatures reduce growth
in cotton (Gipson, 1986; Burke et al., 1988; Winter and
Koniger, 1991). Cotton seedling growth is completely
stopped at temperatures below 16°C (Munro, 1987). More
specifically, temperatures below 20°C have been shown to
reduce both starch utilization and subsequent daytime Pn
(Warner and Burke, 1993). Three of the temperature treat-
ments in the Reddy ef al. (1991) study had nighttime tem-
perature treatments at or below 20°C, and this may have
been a factor in the subsequent reduction in canopy Pg,
since measured light interception was unaffected by the
temperature treatments.

24 Drought Stress and Photosynthesis

Another factor affecting photosynthesis in cotton is
drought. Linear or near linear declines in leaf and whole
canopy Pn with decreasing leaf water potential (¥,) have
been reported (Ackerson ef al., 1977a; Parsons et al., 1979;

Marani et al., 1985). In all cases, the decline in Pn was
well established by the time water potential had dropped
to -1.2 MPa. After declining to -2.5 MPa, leaf water poten-
tial was allowed to rise again to -1.5 MPa (Fig. 8-6). Very
little photosynthetic recovery was observed after re-water-
ing. Marani et al. (1985) attributed this to senescence of the
leaf canopies during the 3-week drying cycle. In a growth
chamber experiment, Bielorai and Hopmans (1975) put
cotton plants through a drying cycle and measured leaf Pn
and transpiration rates as well as stomatal conductance for
several days after re-watering. They found that neither leaf
Pn, stomatal conductance, nor transpiration fully returned
to pre-stress conditions after irrigation, and even the partial
recovery that was observed required several days.

Drought stress is, perhaps, the best example of a stress
with both direct and indirect effects on photosynthesis.
Drought can directly affect several plant processes, which in
turn can lead to indirect effects on photosynthesis. The chal-
lenge to plant physiologists has long been to sort through
these primary, secondary, and tertiary effects and then to
elucidate the various feedback mechanisms. Boyer (1964)
cited numerous investigations showing that as water defi-
cits increase, stomata close and as a result, photosynthesis
is reduced. He also noted (Boyer, 1970) that leaf growth
is affected by falling leaf water potential (‘¥)) at the first
sign of turgor loss, but that a measurable reduction in photo-
synthesis begins later at about-1.2 MPa. Hsiao et al. (1982)
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Figure 8-6. The effect of midday leaf water
potential on canopy net photosynthesis at a radiation
level of 698 W m™. Filled symbols are observations made
after 2 weeks of drought. From Marani et al. (1985).

reported experiments in which the first measurable sign of a
developing drought stress was a suppression of leaf expan-
sive growth while photosynthesis was not affected at that
leaf water potential. He found that osmotic adjustment (de-
fined as a gain in cell solute concentration sufficient to re-
duce turgor loss with falling ') in mature leaves was negli-
gible initially and became substantial only when expansive
growth was markedly suppressed by stress. Moreover, the
maximum osmotic adjustment observed was only 10 bars.
Hsaio et al. (1982) found that osmotic adjustment, though
partly maintaining cell turgor in spite of declining tissue
water potential, did not enable leaves to maintain photosyn-
thesis and that on re-watering, assimilation rates remained
depressed and required several days for recovery. After re-
watering, the osmotically adjusted leaves lost much of their
extra solutes and their osmotic adjustment.

Examining ¥,, osmotic potential and relative water
content data from several years’ irrigation experiments,
Girma and Krieg (1985) found that drought stress reduced
both seasonal and diurnal osmotic potential. However, they
observed no difference in the osmotic potential of fully ex-
panded leaves when corrected to 100 percent relative water
content. Water content per unit leaf area and per unit dry
matter were much lower under drought stress conditions
and this accounted for the major difference in osmotic po-
tential. They concluded that increased solute concentration
under drought stress is due to tissue dehydration and that
it is a passive phenomenon of limited extent. Furthermore,
Sinclair and Ludlow (1985) reviewed the inherent difficul-
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ties in relating thermodynamic properties such as either os-
motic pressure or plant water potential to plant physiologi-
cal responses and persuasively argued for the use of tissue
relative water content as a much more relevant measure for
the study of plant physiological responses to water deficit.
Many authors agree, however, that a major effect of drought
stress on photosynthesis in cotton has to do with canopy
light capture. Light capture under drought stress is reduced
by reduced rates of leaf initiation, stem and leaf growth and
by premature leaf senescence and abscission.

2.5 Nitrogen Deficiency and

Photosynthesis

Nitrogen deficiency is another syndrome in cotton, with
secondary and tertiary effects on photosynthesis being up-
permost. In our previous reference to Reddy et al. (1991),
we noted that reduced boll growth rates, (which can be
caused by nitrogen shortage) may reduce photosynthesis.
Nitrogen deficiency also reduces stem extension and leaf
expansion resulting in a smaller plant, which captures less
light and carries on less photosynthesis (Wullschleger and
Oosterhuis, 1990). Fernandez et al. (1993) exposed cotton
seedlings in growth chambers to N limitations which result-
ed in reduction of leaf N concentration to nearly half that of
the well fertilized control. They found that the N limitation
did not decrease gross carbon uptake on a per unit leaf area
basis, but after 11 days the N-limited plants had less than
half the leaf area of the unstressed plants and a correspond-
ingly reduced rate of whole plant photosynthesis.

Radin et al. (1982) demonstrated a secondary effect of
N stress on photosynthesis. In controlled environment ex-
periments at 35/22°C and 42/28°C day/night air tempera-
ture treatments, they found an interaction between effects of
temperature, leaf water potential and leaf nitrogen concen-
tration on stomatal conductance. These results are shown in
Figs.8-7 and 8-8. The suboptimal N treatment raised the leaf
water potential required for stomatal closure by about 0.4
MPa. Photosynthesis was reduced at higher leaf water po-
tential than that required for stomatal closure (Figs. 8-7 and
8-8), but as drought proceeded stomatal closure further (in
addition to mesophyll resistance) reduced photosynthesis.
They demonstrated two components to this low N induced
change in the leaf water potential for stomatal closure; first,
an increase in ABA concentration, and second, increased
stomatal sensitivity to ABA. Furthermore, they found that
kinetin applied to the low N leaves decreased the stomatal
response to ABA relative to that of the high N leaves. In the
high N leaves, kinetin by itself had little effect on the sto-
matal response to ABA. Radin et al. (1982) concluded that
a cytokinin-ABA balance is altered by suboptimal nitrogen
nutrition, which promotes stomatal closure during stress.
Subsequently, Radin (1983) showed that nitrogen deficien-
cy in cotton reduced leaf Pn by 31% and leaf expansion
rate 56%. In those experiments, N deficiency inhibited leaf
expansion during the day, when high rates of transpiration
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were occurring, but had little or no effect at night. These
results support the hypothesis that N stress inhibits leaf cell
expansion by reducing the hydraulic conductivity of the
root system.

In other experiments, Radin and Eidenbock (1986)
found that phosphorous deficiency on other plant process-
es were similar to those of a N deficiency. Two comments
may be made about the implications of this in regard to
the agronomic management of this crop. First, nitrogen is
comparatively mobile in the soil, while phosphorous is rel-
atively immobile. This means that the issue of nutritional
stress and optimum fertilizer placement will differ in re-
gard to these two elements. If N and P are improperly man-
aged, the effects will most likely be manifested during lint
growth. In terms of yield reduction, this is the worst pos-
sible developmental stage for the crop to encounter a nutri-
tional stress. Secondly, the combination of tissue nutrient
monitoring, plant mapping and crop simulation can predict
crop nutrient supply and demand and thus avoid a nutrient
stress by the timely scheduling of foliar sprays to remedy N
shortages during this economically critical growth period.

In addition to internal leaf conditions, the geometric ar-
rangement of leaf elements of the crop canopy, day length,
and solar elevation angle determine canopy light intercep-
tion and photosynthesis. Baker and Meyer (1966) showed
that canopy photosynthesis is proportional to canopy light
interception when solar elevation angle, row orientation, or
row spacing are used to vary photosynthesis (Fig. 8-9).

Baker et al. (1978a) reviewed modeling efforts begin-
ning with the growth analysis concepts of Watson (1947)
and Nichiporovich (1954) followed by the computerized
models of de Wit (1965) and Duncan et al. (1967) used to
calculate crop canopy photosynthesis on a leaf element or a
leaf area index (LAI) basis. In comparing rates of leaf area
development, photosynthesis, and dry matter production in
cultivated cottons, Muramoto et al. (1965) found that while
differences among cultivars in leaf photosynthetic rates
were not detectable, variability within any one plant was
large. They also found that net assimilation rates did not
differ greatly among cultivars, but there were differences in
dry matter production associated with differences in rates
of leaf area development and thus light interception. Baker
et al. (1978a) demonstrated that the relationship between
LAI and canopy light capture is affected by plant water
status (Fig. 8-10). Here, the amount of light captured by a
compact, drought-stressed crop is considerably lower than
that of the taller, well-watered crop when the two canopies
are compared at the same LAI.

Kharche (1984) identified another condition under
which height alone is not a valid predictor of canopy light
interception. In experiments involving irrigation and leaf
shape (okra vs. normal) he found that leaf shed caused by
canopy senescence, whether induced by drought stress or
heavy boll load, could proceed until LAI fell below 3.1 be-
fore canopy light interception was reduced. A correction has
been added to GOSSYM to correct light interception esti-
mates from height and row width in defoliating canopies.
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solar noon in cotton crops at leaf area indices of 3
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Other important failures of simple leaf area based mod-
els of canopy photosynthesis include the use of a single
light response curve to represent all leaves in the canopy.
As described earlier, leaf light response curves can be ex-
pected to vary greatly depending on their temperature expe-
rience during the growth period and their previous exposure
to stress. Other causes of failure of the LAI approach to es-
timating canopy photosynthesis are assumptions that only
leaves intercept light, that heliotropism is nonexistent and
that the leaves are distributed in a spatially uniform manner
over the ground surface. The latter is, obviously, untrue in
a row crop.
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2.6 Additional Factors Affecting

Photosynthesis

Aside from physical environmental factors, including
the geometry of the plant, a number of external chemical
factors, e.g., atmospheric CO, and ozone, insecticides, and
plant growth regulators can influence photosynthesis.

Atmospheric carbon dioxide concentration has in-
creased from about 280 pL L' to over 350 uL L™ in the last
200 years (Friedli ef al. 1986; Keeling, 1995). Due mainly
to the continued burning of fossil fuels, this trend is ex-
pected to continue and current atmospheric CO, concentra-
tion (near 360 uL L) are projected to increase to about 670
to 760 uL L! by the year 2075 (Rotty and Marland, 1986;
Trabalka et al. 1986; Watson, 1990). A primary direct effect
of elevated CO, on plants such as cotton with the C, carbon
fixation pathway is an increase in photosynthetic rate. Due
mainly to enhanced photosynthesis, Mauney et al. (1994,
see also Chapter 16) and Reddy et al. (1997) reported 37
and 40% increases in cotton biomass, respectively, with
carbon dioxide enrichment. Baker (1965) measured the ef-
fects of atmospheric CO, concentration from 100 to 600
uL L' on cotton canopy CER over a range of light intensi-
ties and temperatures in an intact, field grown cotton crop
canopy. These results are presented in Fig. 8-11. GOSSYM
contains an algorithm, based on the data Fig. 8-11, to make
an annual adjustment in photosynthesis calculations due to
projected higher levels of atmospheric CO,.

Adverse effects of ozone on cotton yield have been re-
ported (Heagle and Heck, 1980; Heck et al., 1982; Heggestad
and Christiansen, 1983; Temple et al., 1985, 1988). Reddy
et al. (1989) fitted dry matter accumulation data over a range
of atmospheric ozone concentrations from 0.027 to 0.107
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Figure §-11. Apparent photosynthesis vs.
atmospheric CO, concentration at three light
intensities and two air temperatures. From Baker (1965).
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uL L1, of Miller et al. (1988), to the following quadratic
form (where OZONE is concentration in uL L):

OZFTR=1.01+0.7168 x OZONE -43.385 x OZONEZ.

to provide a Pn adjustment factor (OZFTR) for GOSSYM.
This equation provides estimates of reductions in canopy
Pn of 1.0 and 5.9%, respectively, at ozone concentrations
0f 0.03 and 0.107 pL L. Reddy et al. (1989) present April
to September averages of ozone concentrations from US-
EPA at 5 locations in the American Cotton Belt for the years
1963 to 1985 ranging from 0.04 to 0.09 puL L. Within these
years and locations, ozone concentrations on individual
days undoubtedly caused significant reductions in photo-
synthesis.

Insecticides are the most common biologically active
chemicals routinely applied to cotton in the field. Very few
experiments and none that we are aware of in the past 18
years have been conducted to measure the effects of insec-
ticides on stomate physiology or on photosynthesis. Baker
(1966) measured Pn and transpiration rates in an intact field
grown cotton canopy after treatment at recommended rates
with six commercial insecticides and insecticide combi-
nations. Air temperature was maintained at 30°C, vapor
pressure deficits were at 0-1.0 MPa, and soil moisture was
maintained at -0.3MPa. There were no significant effects of
insecticide treatment on stomatal aperture, transpiration, or
photosynthesis under these conditions.

Another class of chemicals routinely applied to cot-
ton is plant growth regulators. Mepiquat chloride (MC) is
commonly used to reduce plant height in order to improve
canopy ventilation and avoid boll rot in the crop as well as
facilitate pest management. However, Hodges et al. (1991)
found some enhancement of single-leaf or whole plant
photosynthesis with MC application with day/night tem-
peratures at and above 25/15°C. We have found that height:
width ratios change with applications of MC. MC seems to
reduce internodal growth of main-stems more than that of
sympodia (unpublished data). A mixture of gibberellic acid
and indolebutyric acid (trade name PGR-IV) was found by
Oosterhuis and Zhao (1993) to increase leaf Pn along with
growth and branching of roots in cotton seedlings.

3. THE SINKS

3.1 Translocation Capacity Does Not

Limit Growth in Cotton

In some species translocation capacity should be con-
sidered in a discussion of source/sink relations. Indeed,
some crop simulation models deal with it explicitly on the
basis of metabolite concentration gradients. However, there
are two lines of evidence which lead us to conclude that
translocation does not limit photosynthesis or growth in
cotton. Firstly, cotton can carry on photosynthesis at very
high rates under elevated CO, and high radiance (PPFD)
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levels for long periods with no apparent feedback inhibition
due to starch loading either in the phloem or chloroplasts.
Under these conditions leaf starch levels may reach 50% of
leaf dry weight. The high starch levels occur during the day-
time, but the plant has a vascular system which seems to be
able to move most of the photosynthate to growing points
by the end of the night. Secondly, Ashley (1972), showed
with labeled CO, that most photosynthate in a boll comes
from the subtending leaf, with some coming from an adja-
cent leaf on the same sympodium. However, Wullschleger
and Oosterhuis (1990) concluded that because of the lack of
synchrony between boll growth and photosynthate produc-
tion by the subtending leaf, substantial carbon must be im-
ported from other leaves. They found that only at main-stem
node 12 were leaves capable of supplying the carbon needs
of their associated bolls. Carbon import requirements, be-
yond that supplied by the subtending leaf, for the first three
fruiting positions of node 10 were 50, 37, and 21%, respec-
tively, of the total translocated to the developing boll.

3.2 Root Growth as a Sink

Huck (1983) summarized the data of Pearson et al
(1970) showing the time course of cotton taproot extension
in a sandy soil at several temperatures (see also Chapter 6).
He stated that root extension remained at a fairly constant
rate until competition for food reserves began among or-
gans within the seedling. He reported an extension rate of 8
cm d! at the optimum temperature. Bland (1993) conducted
rhizotron experiments under artificial lights and ambient
CO, to address the role of seasonal patterns of soil tem-
perature on root system development. He compared rates of
root extension in three temperature regimes, two of which
were typical soil temperature profiles, warming as the sea-
son progressed. He commented that the application of his
root extension model assumed no limitation of structural
substrate and was characterized only by the capability of
the root tips for growth. His model predicted a maximum
extension rate of 2.6 cm d!' at a day/night temperature of
32/15°C and less than 2.0 cm d' at 22/16°C. Kimball and
Mauney (1993) compared end-of-season cotton biomass
and root/shoot ratios in open top chambers in Arizona at
ambient and elevated (650 uLL L") CO, with irrigated and
dryland treatments and with and without added N fertilizer.
Due to the natural rapid decomposition of root biomass
over the season and due to the fact that at harvest the plants
were simply pulled out of the ground, their biomass data
represents mainly structural material. That fraction of the
photsynthate invested in small roots, which decompose rap-
idly during the season, was not included and therefore their
data cannot be representative of the true sink capacity of the
root system. Nevertheless, comparisons of the influences of
drought stress and assimilate and nitrogen supply on root
growth are possible. Under well-watered and well-fertilized
conditions, root/shoot ratios were fairly constant. With CO,
enrichment, the enhanced assimilate supply was apparently
distributed between roots and shoots equally.
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Taylor and Ratliff (1969) found that root elongation rate
was reduced, as soil resistance increased. They stated that at
any particular penetration resistance there was no effect of
soil water content per se on root elongation within a com-
pacted layer. However, soil strength is a function of water
content. Moreover, Grimes et al. (1975) reported that less
soil strength was required to restrict root growth at greater
soil depths. Browning et al. (1975), working in a differ-
ent rhizotron from the above recorded seasonal total root
lengths and root lengths in soil wetter than —1 bar. The soils
were not temperature controlled and the plants were not
grown in a crop canopy configuration, although, they were
grown outdoors. Nevertheless, the seasonal time courses
are similar to those found in field-grown plants. The data in
Table 8-1 for their Bin No.2 (Cahaba loamy fine sand) are
typical. Bulk density of this soil was 1.3g cm™. Soil drying
began in mid-August (Taylor and Klepper, 1974). This crop
was planted on May 2 and by August 11 total root-length
and root-length in soil with greater than —1.0 bar matric
potential were at a maximum. The August 11 maximums
for root-length would have been about 85 days after emer-
gence and approximately two weeks after first bloom. After
August 11, the rate of root decomposition greatly exceeded
further root extension.

Descriptions of factors affecting root elongation and
function are fairly common in the literature. Unfortunately,
due to the technical difficulty of recovering roots, espe-
cially small roots, from soil, root growth data in terms of
the accretion of biomass is extremely rare in the literature.
The controlled environment data needed to calculate sink
strength is virtually nonexistent. Phene et al. (1978) con-
ducted one such experiment. Whisler et al. (1986), while
developing the root growth component of GOSSYM, began
with the assumption that root sink strength would be the
same as that of bolls. In the effort to make the model mimic
the data Phene et al. (1986) and Whisler et al. (1986) had to
increase the initial estimate of root sink strength by 10-fold.
Subsequent analyses with GOSSYM by Fye et al. (1984)
showed that the root sink strength must be at least 6 times
that of rapidly growing bolls. Thus, any estimate of total

Table 8-1. Total root length and root length in soil with water
potential greater than -1 bar (-0.1 MPa). Each value is the root
length of 2 plants + S.E. in a population density of 2.8 plants m?
(Browning et al., 1969).

Date Total length Length in soil >-1 bar
(km)
June 26 1.54 1.54
July 3 2.66 2.66
July 10 5.30 5.30
July 21 10.67 10.67
July 31 17.12 17.10
August 11 22.85 22.85
August 21 19.73 19.73
Sept. 1 7.91 7.91
Sept. 5 4.49 4.49
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sink strength in cotton roots must be regarded as extremely
tentative. Clearly, research aimed at describing root sink
strength, as a function of a wide array of environmental fac-
tors as well as soil conditions is greatly needed.

33 Stem and Leaf Sinks

Baker et al. (1983) used the phytotron data of Hesketh
and Low (1968) to construct the leaf growth module of
GOSSYM. Shown in Fig. 8-12 are leaf area growth rate
and specific leaf weight vs. temperature from that experi-
ment. In GOSSYM these two leaf characteristics determine
the leaf contribution to the total plant sink strength. Leaf
area growth showed a pronounced maximum near 30°C af-
ter which it declined rapidly with further increases in tem-
perature. Specific leaf weight, on the other hand, increased
throughout the range from 15 to 40°C.

Reddy et al. (1991) moved plants grown outdoors in
pots to SPAR units 5 days prior to flowering. In each SPAR
unit a dense canopy was created which intercepted 98%
of the incident solar radiation in the chamber atmosphere.
CO, was controlled to 350 uL L. Day/night air tempera-
tures ranged from 20/10 to 40/30°C in 5°C increments were
maintained for 49 days. Leaf and stem growth as a function
of temperature from this experiment are shown in Figs. 8-
13 and 8-14. Although the leaf growth data in Fig. 8-13c
have the units of cm? d! while the data in Fig. 8-12 are pre-
sented in terms of dm? dm?d"!, there is a pronounced peak at
30/20°C in both cases. At 30/20°C, main-stem node 17 pro-
duced a relatively large leaf. However, because these plants
were fruiting rapidly and maintained at a CO, concentration
of 350 pL L' there was likely some substrate limitation.
Therefore, these data represent the genetic potential for
growth, at that temperature (demand) reduced according to
the existing supply: demand ratio. As an example of CO,
and supply:demand effects on leaf growth, Mauney et al.
(1978) measured 153 dm? of leaf area at 330 pL L' and
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Figure 8-12. Leaf area growth rate and specific leaf
weight vs. air temperature. From Hesketh and Low (1968).
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Figure 8-13. The effect of air temperature on final leaf
size, duration of leaf growth and rate of leaf area growth
at main-stem node 17 in cotton. From Reddy ef al. (1991).

292 dm? at 630 pL L' after 12 weeks of growth for cotton.
At 40/30°C (Fig. 8-13) limitations due to higher respiration
rates may have contributed to growth reduction. Duration
of leaf growth (Fig. 8-13b) was significantly longer at very
low temperatures and this does not seem to have offset the
effect of growth rate on final leaf size very much. In sub-
sequent work with seedlings, Reddy ef al. (1992) found the
same temperature response for leaf growth beginning at
about 27 day after emergence. Prior to that, leaf growth was
very slow with little temperature effect (Fig. 8-14). They at-
tributed the slow early growth of leaves and stems to a very
strong sink in the young root system. They also attributed
the later seedling growth restriction at temperatures above
30/22°C to assimilate limitations.

Assimilate limitation factors should also be considered
in the stem elongation rate data. For example, Reddy et al.
(1994) measured stem elongation rates of 14.5 and 18 mm
d' at 350 and 700 pL L, respectively, at 30°C. They ob-
served a nearly identical pattern in the time course of main-
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Figure 8-14. The effect of temperature on
stem growth and development. From Reddy er al. (1991).

stem node initiation. Reddy et al.(1991 and 1992b) noted
that at 30/20°C and at 30/22°C the main-stem growth was
exponential at first, became linear as the number of fruit-
ing sites increased and then decreased somewhat. They at-
tributed this decrease in mean internode length and node
initiation rate to decreased substrate supply. They further
concluded that intraplant competition for the available car-
bohydrate supply demonstrated the greater sink strength of
developing fruit compared to vegetative structures.
Besides temperature and substrate supply, other factors
affecting growth of leaves and stems include tissue turgor
and plant growth regulators. The SPAR data of Marani et
al. (1985) illustrate the effect of leaf water potential (V)
on growth of leaves and stems (Figs. 8-15 and 8-16). These
data clearly indicate that by the time midday ‘¥, has fallen to
-1.2 MPa, large reductions in growth are already underway.
We noted earlier that Boyer (1970) found that growth was
reduced at the first sign of turgor loss and Hsiao et al. (1982)
showed that reduction in leaf expansive growth is the first
measurable sign of developing drought stress. Plant height
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Figure 8-16. The effect of mid-day leaf water potential
on stem growth in cotton. From Marani et al. ( 1985).

and leaf area are both reduced if ¥, does not rise about -0.8
MPa for a portion of the day (Jordan, 1970).

In GOSSYM, Baker et al. (1983) simulate the impact
of turgor loss on a day and nighttime stem and leaf growth
by using the fraction of that time period during which ¥
becomes increasingly more negative, cell elongation is re-
duced first, followed sequentially by reduction in cell divi-
sion, stomatal aperture, and photosynthesis. Reduced pho-
tosynthesis further limits growth and in turn the reduced
growth results in reduced light capture and further reduc-
tion in photosynthate supply. Other variations may include
a reduction in mineral nutrient uptake with drying of the
soil and restricted water uptake for areas of the soil contain-
ing the nutrients. As an example of this effect, we point to
Radin (1983) who found that nitrogen deficiency reduced
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leaf stomatal conductance and hydraulic conductivity of the
root system.

Reddy et al. (1990) applied mepiquat chloride (MC) at
49 g ha'! at first bloom and then maintained the plants at five
temperature regimes in well-watered and fertilized SPAR
units. Mepiquat chloride treatment reduced main-stem leaf
area and this effect persisted for at least 21 days. Similarly,
main-stem node initiation rate, main-stem elongation were
also reduced by MC treatment (Reddy et al., 1990). Reddy
et al. (1992) has modeled these effects on the basis of fall-
ing tissue concentrations of MC since plant dry matter con-
tinued to increase subsequent to application of MC.

34 Reproductive Sinks

MacArthur et al. (1975) published the data in Fig. 8-
17 describing boll growth rate vs. temperature. These data
were collected by J.D. Hesketh in a glasshouse in Arizona at
high atmospheric CO, in an attempt to ensure no assimilate
limitation. As was the case with leaf (Fig. 8-13) and stem
growth (Fig. 8-14) at 30/20 and 32/20°C noted previously,
the data (Fig. 8-17) show a rapid increase in boll growth
with temperature up to 27°, and then a rapid decline to zero
growth at 33°C. Temperature effects on the time interval
between flowering and open boll are shown in Fig. 8-18. It
is interesting that several distinctly different types of cotton
are represented in these data, all displaying a similar tem-
perature response. The boll fill period ranged from 105 days
at 22°C to 30 days at 36°C (Fig. 8-18). In applying these
data in GOSSYM, Baker et al. (1983) made an adjustment
to boll temperature based on leaf water potential to account
for higher boll temperatures under water deficits. Reddy et
al. (1991) reported a similar very pronounced boll growth

Boll growth rate

Mean temperature

Figure 8-17. The effect of temperature on boll
growth rate. Values at 27°C and above were
determined for plants in air enriched with CO, and every
other flower removed. From MacArthur ef al. (1975).
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Figure 8-18. The effect of temperature on
boll fill period. From Hesketh and Low (1968).

temperature optimum at 30/20°C. This was a reflection of a
dramatic shift in partitioning from stems and roots to bolls.
Reddy et al. (1991) also observed very high boll abscis-
sion rates at 35/25°C and essentially no bolls were set at
40/30°C.

While some information is available to establish the ef-
fect of temperature on sink strength in whole bolls, practi-
cally none is available to break this down into boll compo-
nents. However, there are a few reports from field experi-
ments which provide information on relative time courses
of reproductive events measured in terms of days post an-
thesis (DPA). Marani (1979) measured boll and capsule dry
matter accretion at several locations in Israel. He expressed
the results in terms of physiological time units as defined
by McKinion et al. (1975) in the cotton simulation model
SIMCOT II. This physiological time scale is calculated us-
ing a base temperature of 12°C and defines any tempera-
ture above 30°C as equal to 30°C. Marani (1979) found that
capsule dry weight increased linearly for 20 DPA. After that
there was a small decline of dry weight for 10 days, after
which dry weight accretion resumed.

Growth of individual components of the develop-
ing boll over time are shown in Fig. 8-19 (after Stewart,
1986). Fiber growth begins at the very earliest stages of boll
growth and is evident by 3 DPA (Fig. 8-19). Stewart (1986)
noted that fiber initiation (fiber number) is related more to
the time of anthesis than to fertilization and that unfertilized
seeds and bolls enlarge at the same rate as fertilized seeds
and bolls until 3 DPA. Further, from -1 DPA (e.g., one day
before anthesis) to 4 to 6 DPA, nearly all the dry matter par-
titioned to the seed goes into the outer integument with its
newly forming fibers; so this is the tissue that is responding
to changes in nutrition and the environment. Fiber weight
increased for about 16 DPA, remained nearly constant for
the next 5 to 10 days and then resumed growth (Fig. 8-19).
The outer integument tripled in weight between 15 and 20
DPA. Then, as in the case of the capsule, it decreased in
weight for about two weeks and then resumed a slow in-
crease in weight until opening. The endosperm grew until
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Figure 8-19. Distribution of mass into the various
parts of cotton (cv, ‘Coker 310’) seed during development.
Fiber includes fuzz fiber and endosperm includes inner
integument and nucleus. Each point is the average
of the contents of 15 bolls. From Stewart (1986).

20 DPA and then it declined in weight as the embryo began
growth. After 30 DPA, essentially all dry matter increase
was in fibers and embryo with the former accumulating cel-
lulose and the latter accumulating oil and protein. From this
description of boll growth it appears that the external part of
the seed receives the greatest portion of photosynthate dur-
ing the first few DPA. After 4 to 6 DPA the internal weight
increases somewhat faster to about 20 DPA. After 4 to 6
DPA photosynthate is distributed about evenly between ex-
ternal and internal seed parts. Stewart (1986) summarized
the time course of boll development in Table 8-2. In refer-
ence to the fibercellulose entry in Table 8-2, Schubert ef al.
(1973) depicted this as a bell shaped curve of daily incre-
ments of weight gains, with the peak at about 30 days.

3.5 Phenological Development of Sinks

The previous section dealt with the assessment of sink
strength at the organ level. Here we consider plant develop-
ment for the purpose of gaining an inventory of growing or-
gans. The hormone systems which mediate fruit set and are
driven, in part, by source/sink imbalance, seem to operate
at the level of the whole plant. Plant simulation models (e.g.
GOSSYM) must make numerical estimates of source/sink
ratios in order to simulate “natural” fruit shed.

In the late 1960’s and early 1970’s Hesketh conduct-
ed a series of phytotron (Canberra and SEPEL Duke) ex-
periments (c.f, Hesketh and Low, 1968; Low et al., 1969;
Moraghan et al., 1968; Hesketh et al., 1972) which provid-
ed a data base for the calculation of sink strength in cotton.
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Table 8-2. Developmental periods and developmental events
particularly sensitive to competition for assimilate or to envi-
ronmental factors. Negative and positive numbers for period
represent time in days prior to or after anthesis, respectively. Fac-
tor abbreviations are for air temperature (Temp.), soil nitrogen
supply (N), soil water (H,0), relative humidity (R.H.), internal
plant carbohydrate supply (CHO), and soil potassium supply (K).
From Stewart, 1986.

Period Event Factor
(days)
-40 to -35 Initiation of floral buds Temp., N, H,0
-35t0 -30 Carpel number (maybe)
Anther number CHO
-25t0 -22 Ovules/ovary CHO
Anther number R.H.
-19to -15 Pollen viability High temp., R.H.
-2to 12 Fiber density (f/mm?) Temp., CHO
0 Anther dehiscence Temp., R.H., rain
0to3 Rate of fiber initiation Temp., K
Pollen tube growth,
fertilization Temp., R.H.
1to 14 Boll abscission CHO, H,0
3t025 Fiber length, seed volume  Temp., K
15 to 45 Fiber cellulose Temp.
25 to 50 Protein and oil accumulation;
oil/protein ratio Temp., H,O0
49 to 50 Boll opening Temp., R.H.

These controlled temperature experiments together with
experiments measuring canopy light interception, canopy
photosynthesis, and respiration also underway at that time
set the stage for the physiological process level of simula-
tion modeling of cotton. Hesketh’s experiments provided
rate functions for the following time intervals: emergence
to first square, square to bloom, bloom to boll open, and
plastochron intervals for the main-stem and branches.
Recent SPAR experiments by Reddy and others (Reddy et
al. 1991, 1992a, b, 1993) have updated these rate functions
for modern cultivars of G. hirsutum and G. barbadense,
and have added cultivar specific functions for the duration
of stem internode elongation and leaf expansion.

Reddy (1994a), referring to SPAR experiments at CO,
concentrations of 350 and 700 puL L', stated that assimi-
late supply did not influence the time required to initiate the
first square, but the production of all subsequent squares
and bolls was sensitive to assimilate supply. Indeed, the
modeling work of Baker et al. (1983) had shown that the
plant lengthens both main-stem and sympodial plasto-
chrons in response to source/sink imbalance. Reddy (1994)
also observed that main-stem plastochrons for nodes below
the first fruiting branch were considerably longer than for
subsequent nodes. Reddy et al. (1994) was convinced that
this was caused by assimilate shortage resulting from rapid
partitioning to the seedling root system. Reddy ez al. (1994)
collected canopy Pn data which showed no source limita-
tion even at 40°C in their experiments. Moreover, the rate
functions presented below represent developmental events
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only up through the first 17 main-stem nodes or the begin-
ning of the boll fill period. They (Reddy et al., 1993) pre-
sented data showing that at 26.4°C, CO, ranging from 350
to 700 uL L' had no effect on main-stem plastochron inter-
vals up through node 17.

Figures 8-20 and 8-21 contain the main-stem and fruit-
ing branch plastochrons from the controlled temperature
experiments of Hesketh ef al. (1972) and Reddy et al
(1993), respectively. The Reddy ef al. (1993) data are in the
from of daily progress increments. This is the form used by
simulation models such as GOSSYM. Hesketh et al. (1972)
reported a main-stem plastochron of 2.4 days leaf*! at 27°C.
At 27°C, main-stem plastochron for the modern cultivars
(Reddy et al., 1993) was 2.6 days leaf!. Sympodial plas-
tochrons at 27°C were 7 days leaf! in the Hesketh et al.
(1972) experiment and 5.3 days leaf! in the Reddy et al.
(1993) experiments. From this it appears that the modern
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Figure 8-20. The effect of temperature on main-stem (A) and
fruiting branch (B) plastochrons. From Hesketh et al. (1972).
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cultivars studied by Reddy et al. (1993) have faster rates
of vegetative development than the older cultivars from the
experiments of Hesketh et al. (1972). Reddy et al. (1993)
presented the data in Fig. 8-22 describing rates of main-
stem internode extension and leaf expansion as functions
of temperature. The rates in G. barbadense and G. hirsutum
varieties were not different and the data were pooled to ob-
tain the curves in Fig. 8-22.

The advent of flowering marks the appearance of repro-
ductive structures that compete intensively with vegetative
organs for assimilates. This in turn results in source/sink
imbalance, which slows the developmental rate of the stem.
Both main-stem and sympodial plastochrons are lengthened
after flowering, as the imbalance becomes more severe.
Characterizing the relationships between these develop-
mental delays and the source/sink imbalance is an analyti-
cal problem which has been approached by Baker et al.
(1983) in several steps, beginning with the assumption that
the relevant point of imbalance is the growing boll. This
procedure using the data of Bruce and Romkens (1965),
was approached as follows. Daily net photosynthesis was
expressed on a per plant basis to represent the carbohydrate
supply available for growth. Next, using plant maps as an
inventory of organs for an “average” plant, potential growth
rate of each organ was calculated for each day and night pe-
riod as a function of temperature. Organ sink strength was
summed to represent total demand. An age vector for each
organ, including roots, was maintained, and only organs in
the age category for growth were considered in estimating
this demand. Then developmental delays were calculated
by subtracting the plastochron estimated from the functions
of Hesketh et al. (1972) from those observed by Bruce and
Romkens (1965) in their seasonal time courses of plant de-
velopment. These results are presented in Fig. 8-23. Turgor
was maintained at a high level in the Bruce and Romkens
(1965) well-irrigated treatment, so no adjustments for turgor
loss were needed, and nitrogen supplies were not limiting.

In subsequent model validation experiments Bruce and
Romkens (unpublished) found it necessary to assume that
under nitrogen stress conditions, the plant has some way to
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preferentially partition N to the developing bolls, with any
excess being made available for vegetative growth. With
the high N fertilizer rates in the Bruce and Rdmkens (1965)
experiments, FSTRES in Fig. 8-23 is equivalent to the car-
bon source/sink ratios in the bolls. Fig. 8-23 shows that the
sympodia are more sensitive to source/sink imbalance than
monopodia and delays begin when 70% of the assimilate
requirement is available. On the main-stem delays begin
when about 55% of the assimilate requirement is available.

The SPAR facilities were designed to provide far bet-
ter methods to derive the relationships in Fig. 8-23 since
canopy Pn can be measured directly. Both CO, and nitro-
gen availability to the crop can be precisely controlled and
varied systematically. This experimental capacity permits
investigations into the possibility that the relationships in
Fig. 8-23 are, themselves, functions of temperature or other
variables.

3.6 Fruit Sinks

The effects of temperature on the time from emergence
to first square has been investigated in a few studies. At an
air temperature of 27°C, Moraghan et al. (1968) reported
that cotton required 38 days from emergence to first square,
while 34 days were reported by Hesketh et al. (1972) at this
temperature. Daily progress increments towards first square
reported by Reddy et al. (1993) for three modern cultivars
of cotton are shown in Fig. 8-24. Here, 27 days at 27°C
were required from emergence to first square.

From square to bloom, cotton required 20 and 26 days
at 27°C in experiments conducted by Hesketh and Low
(1968) and Hesketh et al. (1972), respectively. Here again,
for modern cultivars, Reddy ef al. (1993) reported a shorter
time interval of 24 days from square to first bloom. From
bloom to open boll at 27°C required 61 days in the study of
Hesketh and Low (1968) while Reddy et al. (1993) report-
ed 48 days. Thus, it appears that modern cultivars not only
square earlier than obsolete cultivars but the time interval
from square initiation to open boll is 7 to 12 days shorter.
Interestingly, the temperature optimum for all of these de-
velopmental processes has remained consistent at 27°C be-
tween both the older and more modern cultivars.

By varying atmospheric CO,, Reddy et al. (1993) found
that time from emergence to first square was not influenced
by carbohydrate supply. Reddy (1993) also found that as-
similate supply does not influence time from square to
bloom, or bloom to open boll. However, he did observe
that assimilate supply did influence final boll size. Further,
Reddy et al. (1993) found that assimilate supply did not in-
fluence main-stem or sympodial branch plastochron inter-
vals until after first bloom (i.e., after main-stem node 17).

The second process determining the fruit component
of the metabolite sink is abscission, or what is commonly
called “natural” shed. The plant normally initiates more
fruit than can adequately be supplied with metabolites, and
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the result is abscission. Beginning with the work of Mason
(1922), a “nutritional theory” of boll shedding was devel-
oped which stated that the cotton plant would seek to bal-
ance demands by the bolls for carbohydrate and other nu-
trients against supply by abscising fruit. Wadleigh (1944)
and many others (Eaton, 1955, Johnson and Addicott, 1967)
found evidence supporting this theory, but for many years
this theory was not conclusively proven. For example, Eaton
and Ergle (1953) found no correlation between boll shed-
ding and carbohydrate or nitrogen levels in various plant
tissues. Further, they observed that an early planting and
a late planting had similar concentrations of carbohydrate
and nitrogen in mid-August and that the early planting was
shedding fruit rapidly but the later planting was not. This
stimulated an interest in hormone research to control fruit
loss (Hall, 1952; Morgan, 1967; Morgan and Hall, 1964,
Morgan and Gausman, 1966). Because gibberellic acid ap-
plication did not increase yields, and highly determinate cot-
ton lines are lower yielding, we propose that the source-sink
balance between fruiting and vegetative meristems must be
carefully considered if yields are to be increased. For ex-
ample, a rapid and complete transition from the vegetative
to the fruiting mode may permit rapid deterioration of the
plant’s photosynthetic system before the fruit can mature.
Beginning with SIMCOTT II and later with GOSSYM,
Baker et al. (1973) and Baker et al. (1983) took the posi-
tion that the large amount of data supporting the nutritional
hypothesis could not be ignored, nor could the excellent
data of Eaton and Ergle (1953) be discarded. Therefore,
the modelers steered a mid-course, proposing that the plant
adjusts to a disparity between real and potential growth,
and abscises fruit on some basis involving both source and
sink strength in the boll rather than on the basis of the car-
bohydrate supply per se. These models suggested that the
source/sink trigger for fruit abscission activates the hor-
monal mechanisms involved in abscission. GOSSYM was
eventually validated against more than 100 field crop data
sets. This may have been the beginning of the development
of consensus, now current among cotton physiologists (c.f.,
Constable, 1991) that the primary driving force in natural
fruit shed is a source/sink imbalance which determines the
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relative rates of production and transport of various hor-
mones in the plant which, in turn, mediate both develop-
mental delays and fruit shed.

The reader will note that in these models, carbohydrate
supply/demand ratio explicitly and separately affects three
processes; photosynthate partitioning (growth), develop-
ment (plastochron intervals), and fruit shed. The fruit loss
function from GOSSYM is presented in Fig. 8-25. The
shape of this curve varies somewhat to reflect cultivar dif-
ferences in sensitivity to source/sink imbalance c.f. Heitholt
(1993). Examining this hypothesis, Guinn (1985) manipu-
lated source strength by varying plant spacing in the field
and he manipulated sink strength by selectively defrut-
ing the plants. His results confirmed that growth, flower-
ing, and boll retention decrease when the photosynthate
demand exceeds the supply. In earlier experiments Guinn
(1984) had shown that the abscisic acid (ABA) concentra-
tion did not increase with boll load as the plant approached
cutout and did not change with partial defruiting. In other
experiments Guinn (1976, 1982) had shown that nutritional
stress caused boll shed through an increase in ethylene pro-
duction. Abscission of a given fruit may be simulated by
GOSSYM until the fruit exceeds 16 days age. Guinn (1982)
found that fruit abscission declines rapidly after a boll age
of 10 days and that it is near zero by 15 days.

The metabolite pools are highly mobile and the abscis-
sion zones are very sensitive to the relative concentrations
of the hormones. Those building simulation models have
found that to simulate abscission and the developmental de-
lays, it is necessary to assume that the carbohydrate reserves
(up to 30 percent of leaf dry weight) are all available within
a 24 hour period. These simulations have shown that with
a heavy fruit load, demand always greatly exceeds supply.
In other words, the plant is living on a single day’s photo-
synthate production during much of the fruiting period. The
trigger to abort a fruit may be reached over a very short time
period, and this, of course, is irreversible.
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Figure 8-25. The influence of metabolite supply/
demand ratio (FSTRES) on daily fruit loss (FLOSS).
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4. SUMMARY

Phytotron research laid the ground work for the pro-
cess level simulation modeling of cotton. SPAR installa-
tions were built specifically for the purpose of manipulating
source/sink relations and for characterizing the effects of ex-
ternal and internal factors on plant growth and development.
These installations and the discipline of modeling have pro-
vided insight into interrelationships among plant processes
and a reasonably complete coherent picture has emerged
— so much so that plant physiological research results which
once were primarily of academic interest are now being ap-
plied to cotton crop management. Terminology and usage
have been clarified. For example, the term “stress” which
has often referred to loss of turgor has come to be thought
of as any factor reducing growth below its genetic potential
at a given temperature. Growth is generally considered to
be the accretion of dry matter and it is no longer as likely to
be confused with developmental processes.

We have seen a reconciling of the “nutritional” and “hor-
mal” theories of fruit shed. An understanding of the range
of physiological factors which set in place the photosyn-
thetic efficiency of each leaf quickly convinces the modeler
of the futility of attempts to calculate crop canopy dry mat-
ter production with leaf element models. There is no unique
relationship, even among varieties of the same leaf shape,
between LAI and canopy light capture. Fortunately, simpler
methods treating the crop canopy as an optical surface are
available for that purpose. Starch buildup in the chlorplasts
and vein loading appear to be of little consequence in cotton
photosynthesis. A well-designed vascular system seems to
assure rapid movement of assimilates to sinks and the boll
is not obligated to obtain its photosynthate from the sub-
tending leaf. Osmotic adjustment appears to be much less
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important than originally thought, and cotton can be mod-
eled successfully without specific reference to translocation
or osmotic adjustment.

A gram of growing root tissue has 6 to 10 times the
sink strength of a gram of boll tissue. Roots are particularly
effective competitors for photosynthate in seedlings. The
reduced photosynthate supply further limits growth and fi-
nally, a smaller plant may capture less light. Additionally,
drought stress enhances ABA production which may stim-
ulate ethylene production and leaf senescence. The stress
does not have to be very severe or long lasting for the ef-
fects to be irreversible and recovery must await the growth
of new leaves.

The temperature optimum for cotton photosynthesis,
growth and development has remained at about 27°C. Boll
growth virtually ceases above 33°C. Any factor, (e.g., tem-
perature, turgor loss, photosynthate supply, or mechanical
damage) which reduces boll growth rate causes increased
ethylene production, and reduced IAA supply, which,
in turn, causes fruit shed and delays stem development.
Sympodial delays are greater than main-stem delays.

Modern cultivars are faster in vegetative development
and in squaring than the varieties of 30 years ago. Modern
cultivars are 7 to 12 days faster from square initiation to open
boll. Source/sink imbalance does not influence the time to
first square, square to bloom or bloom to open boll. There
is a consensus that the primary driving force in natural shed
is the source/sink imbalance which determines the relative
rates of production and transport of various hormones in
the plant which, in turn mediate these developmental delays
and fruit shed. Ultimately, fruit shed is related to the growth
rate of the fruit prior to and during the first 10 to 15 days
after anthesis.
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1. INTRODUCTION

Plants are unique organisms that have the capacity to
absorb inorganic elements and water through their root sys-
tems and carbon dioxide from the atmosphere and combine
these into cellular constituents using energy from sunlight.
Managing the supply of inorganic elements (nutrients) is
a fundamental component of all plant production systems.
If nutrient deficiencies are occurring, achievement of opti-
mal yields requires a producer to supply fertilizer nutrients
to supplement the pool of available nutrients in the soil to
meet the nutritional needs of the specific plant. In addition,
the timing of fertilizer applications should ensure that high
availability of the applied nutrient(s) corresponds to the
peak nutrient requirements of the developing root system.
A basic understanding of the growth pattern and nutrient
uptake with time by the cotton plant is essential in making
wise nutrient management decisions, especially in produc-
tion systems where nutrients may be deficient (Gerik et al.,
1998). This chapter will focus on the elements considered
essential for cotton plants, and their uptake and distribution
within the plant.

2. ESSENTIAL NUTRIENTS

Research in plant nutrition during the past century has
greatly increased our understanding of the nutrient require-
ments of plants. Three criteria must be met before an ele-
ment can be considered essential for plant growth: 1) a plant
is unable to complete its life cycle in the absence of the
element, 2) the function of the element cannot be replaced
by another element, and 3) the element in question must be
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directly involved in the nutrition of the plant (Mengel and
Kirkby, 1987). Based on these criteria there are 18 elements
that are now considered essential for plant growth (Table
9-1). Some elements (i.e. Na, I, V, Si, F) may enhance the
growth of some plants but are not required by all plants
(Mengel and Kirkby, 1987; Marschner, 1995).

Carbon, hydrogen, and oxygen are the major compo-
nents of organic compounds and since they are obtained
from water and the atmosphere, they typically are not con-
sidered in soil fertility evaluations. The remaining mineral
elements can be subdivided into two major groups: mac-
ronutrients and micronutrients (Mengel and Kirkby, 1987;
Marschner, 1995). Macronutrients (N, P, K, S, Mg, and Ca)
are nutrients needed by plants in relatively large amounts.
Micronutrients (Cu, Fe, Mo, B, Mn, Zn, Cl, Ni, and Co)
are nutrients that are needed in much smaller quantities as
compared to the macronutrients. Macronutrients and mi-
cronutrients are equally important to the metabolism of the
plant, the difference is that macronutrients are needed in
larger quantities. Discussion of the physiological functions
of the essential elements can be found in the work of Hearn
(1981), Mengel and Kerby (1987), Cassman (1993), and
Marschner (1995) and other citations.

3. NUTRIENT UPTAKE AND
DISTRIBUTION

Dry matter accumulation and nutrient uptake by cotton
has been the subject of several studies. A majority of the
work has focused primarily on the accumulation of N, P,
and K and most of this work was conducted prior to the
mid-1940s (McBryde and Beal, 1896; White, 1914, 1915;
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Table 9-1. Essential elements for plant growth (Brady and Weil,

1996).

Macronutrients Micronutrients
Carbon (C)* Iron (Fe)
Hydrogen (H)* Manganese (Mn)
Oxygen (O) Boron (B)
Nitrogen (N) Molybdenum (Mo)
Phosphorus (P) Copper (Cu)
Potassium (K) Zinc (Zn)
Calcium (Ca) Chlorine (Cl)
Magnesium (Mg) Nickel (Ni)
Sulfur (S) Cobalt (Co)

* Primary components of organic compounds. Obtained mostly
from air and water and typically not addressed in nutrient man-
agement. The remaining nutrients are obtained primarily from
the soil.

Fraps, 1919; McHargue, 1926; Armstrong and Albert, 1931;
Olson and Bledsoe, 1942). Most of the earlier work con-
sisted of harvesting mature plants and determining the dry
matter production and nutrient content of the various plant
parts. White (1914) presented the first attempt in looking at
nutrient uptake at various times (growth stages) during the
growing season, however, he used a very low plant popula-
tion and results were expressed in terms of nutrient uptake
per plant. In the 1930s investigators looked at the effects of
N rate on N uptake by cotton (Armstrong and Albert, 1931;
Crowther, 1934). Christidis and Harrison (1955) provided a
summary of available nutrient uptake data collected up to
the mid-1950s for dryland cotton. The work of Olson and
Beldsoe (1942) still remains a primary reference for evalu-
ating nutrient uptake by cotton. They used typical produc-
tion systems on three soils in Georgia to look at uptake and
distribution of N, P, K, Ca, and Mg in cotton plants through-
out the growing season. Later work has focused on nutri-
ent uptake under irrigation (Bassett et al., 1970; Halevy,
1976; Halevy et al., 1987), including the uptake of selected
micronutrients, and the effects of cultivars on nutrient up-
take (Bhatt and Appukuttan, 1971; Cassman et al., 1989a;
Mullins and Burmester, 1991).

Lint yields and nutrient uptake can be highly dependent
on growing conditions and soil fertility. Thus, as noted by
Hodges (1991), a majority of studies relate nutrient uptake
and removal to yields using a nutrient uptake index. This
index is based on the amount of nutrient taken up or the
amount of nutrient required to produce a certain amount
of lint. In this chapter nutrient uptake indexes will be ex-
pressed as kg or g of nutrient per 100 kg of lint.

Growth and dry matter production by the cotton plant
follows a sigmoidal curve (Oosterhuis, 1990) with the most
rapid rate of production occurring after flowering (Fig. 9-
1). Nutrient uptake follows a similar pattern (Figs. 9-1, 9-
2, and 9-3). Maximum or peak average daily accumulation
rates for most nutrients occur during the period of early to
peak flowering (Fig. 9-4), which corresponds not only to a
period of high demand for nutrients by the plant but also to
the time period where the rate of root growth is at a maxi-
mum (Schwab, 1996; Huber, 1999; Schwab et al., 2000).
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Figure 9-1. Dry matter production and
potassium accumulation by irrigated cotton (Halevy, 1976).
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Figure 9-2. Uptake and partitioning
of macronutrients by non-irrigated cotton
(Mullins and Burmester, 1991, 1992, 1993b). Capsule
walls include squares, flowers, and unopened bolls.

A close comparison of cotton growth curves and nutrient
uptake curves (Figs. 9-1 and 9-2) shows that the uptake of
most nutrients precedes the production of dry matter. These
data demonstrate that an adequate supply of nutrients will be
needed towards the middle of the growing season to utilize
photosynthates and to sustain the production of dry matter
by the cotton plant.

During the course of a growing season there appears
to be some redistribution of some of the nutrients be-
tween the various plant tissues (Figs. 9-1, 9-2, and 9-3).
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Figure 9-3. Accumulation and partitioning
of selected micronutrients by non-irrigated cotton
(Mullins and Burmester, 1993a). Capsule walls
include squares, flowers, and unopened bolls.
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Figure 9-4. Average daily uptake rates for N, P,
and K by non-irrigated cotton (Mullins and Burmester, 1991).

Redistributions occur after the onset of flowering as nutri-
ents are transported from the leaves and/or shoots into the
reproductive tissues. This phenomenon is particularly evi-
dent for K (Figs. 9-1 and 9-2), and research has shown that
the fruit, especially the capsule walls, are a major sink for
K (Leffler and Tubertini, 1976).

From a historical perspective there appears to be some
major differences between more modern and the older,
obsolete cultivars in terms of the amounts of nutrients ac-
cumulated early in the season. Meredith and Wells (1989)
demonstrated that modern cultivars partition more of their
dry matter into reproductive tissues. In one of the older
studies, White (1914) reported that more than 60% of the N
and K, 80% of the P, and less than half of the dry matter had
been accumulated by first flower. Even by the mid 1950s,
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Christidis and Harrison (1955) stated that a majority of the
N is accumulated by first flower. In contrast, Oosterhuis et
al. (1983) showed that 60% of the dry matter was produced
and 40% of the N was taken up between 10 and 16 weeks
after sowing in a long-