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INTEGRATED EVENTS IN THE
FLOWER AND FRUIT

James Mch. Stewart!
USDA—ARS
Knoxville, Tennessee

INTRODUCTION

The Chapters of Section § present the parameters that influence flowering and
production of fruit numbers such as ume of flowering, sites of production and
factors invalved in fruit abscission. The cotton plant is regulated in such a way
that fruit load is limited by abscission of sguare and young bolls when there is
stress upon the plant. In this way, the impact of a stress upon individual bolls that
remain often is ameliorated (Eaton, 1955; also, see Chapter 12).

During the square period and subsequent boll period many sequential steps
occur which tead to the open flower with all its parts and eventually (o the mature
fruit with the seed and lint. Each stage of development of each part of the fruit is
subject to modification by the environment and by the competition for photo-
synthate that prevails during that stage.

The purpose of this discussion is 1o show how the various events in boll develop-
ment arc interretated during thar developpent. Alse where appropriate, discus-
sions of the effect of environment on the interactions will be included.

THE SQUARE PERIOD AND THE FLOWER

SQUARE

Development—The development of the cotton fruit involves a complex series of
events and interactions that begins with the formation of the flower bud {squarc).
Unfortunately, less is known of the physiology of square formation and growth
than any other part of the cotton fraiting cycle, Mauney (Chapter 2) reviewed
some of the factors involved in square formation. Baranov and Maltzev (1937)
and Joshi ef af. {1967) described the morphological development of the square in
the four cultivated species in Gossypium,

The structures that make up the flower are generally recognizable during
square development. The earliest struciure noted is the epicalvx which becomes
the bracts of the mature fruit. Enclosed within the 3-sided “square” is the
developing flower bud compased of the calyx, corella, androecium and gynge-
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cium. The last two are discussed in more detail below,

The development from just visible square to open Mower gencraltly takes 25-30
days under good growing conditions, so the actual stimulus to flower must start 10
to 15 days before this stage (Gipson and Ray, 1974, Hesketh and Low, 1968;
Martin et al., 1923; Quintanilha ef al., 1962). Elongation of the bud of G.
hirsutum is linear until about a week before anthesis (Mariin er al, 1923;
Quintanilha ¢ af., 1962). During the last week before bloom the rate of growth
increases dramatically and the bud doubles in length. On the other hand, the
diameter of the bud is strongly correlated linearly with days to anthesis (De-
Langhe, 1973; Quintanilha et @l., 1962). Delanghe (1973) also determined that
the diameter of the preanthesis ovary was linearly related to the bud diameter, as
one would expect.

The difference in correlations of age with bud length and with bud width results
from the developmental sequence of the anatomical structures measured. Bud
length 1s primarily a function of corolla development. Most likely, cell division
(linear phase) ceases and cell expansion {(exponential phase) begins in the corolla
during the week before bloom. Cellular expansion culminates in the open petals
on the morning of anthesis when full maturity of the corolla is attained. Width of
the bud is related more to the growth of the carpels which continue active cell
division past anthesis.

Delanghe {1973) found that absence of the subtending leaf resulted in slow
growth of the bud and early shedding of the young belt. Gibberellic acid (GA)
applied to the debladed petiole replaced the growth-promoting cffect of the leaf;
therefore, the subtending leaf of a square probably provides the GA for growth of
that bud.

Response to Environment— The response of a cotton plant in the square stage 1o
the environment is of particular interest becausc of the close relationship of
square and flower production to earliness of a cotton crop. Several authors
{Eaton, 1955; McMichael, 1979; sce also Chapters 2 and 7) discussed the tenden-
¢y of young squares to abscise when the plant is subject to stress. McMichael and
Guinn (personal communication, 1980), from their preliminary data and the data
of others (Grimes et al., 1970), suggest that the sensitivity of a flower bud to
water stress stimulus is greatest during its first week after visibility. Flower
numbers during the weeks subsequent to the relief of a water stress indicated that
square abscission was highest in the young squares, with the rate declining more
or less linearly to nil at flowering. There are no reports of flowers abscising.
Clearly, the physiology of the developing fruit form changes in ways which we do
not yet understand.

Square abscission is also the main plant response to other stress situations, such
as nutritional stress induced by shading, prolonged cloudy weather, or competing
boil load {Eaton and Rigler, 1945; Eaton and Ergle, 1954; Eaton, 1953; Ehlig and
LeMert, [973; sce also Chapters 6 and 12). A high rate of abscission may also be
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associated with high temperature. Data on G. hirsutum, presented but not dis-
cussed by Ehlig and LeMert (1973), indicated that the number of flowers per
meter of row declined approximately 3 weeks after periods when the maximum
temperature exceeded 42C. This effect was particularly notable during a perioed
when the number of flowers would normally be increasing rapidly. The response
to high temperature is frequently confounded by moisture stress.

Little information is available on the effects of moisture stress on squares that
are retained. High temperature effects on retained squares have been noted and
will be discussed below in relation to pollen development. Plants grown at a
constant 29.4C in growth chambers produced abnormal flowers in which the
corolia failed to open and anthers did not dehisce (Powell, 1969). Plants with an
alternating high-low temperature cycle had normal flowers.

Suboptimal temperatures generally do not result in square abscission; in fact,
moderately cool periods during the juvenile growth of the cotton plant may
promote early square formation (Chapter 2). Square period lengthens as average
(Hesketh and Low, 1968) or night temperature (Gipson and Ray, 1974) de-
creases. Growth of the squares generally stops when temperature falls below 15C.
However, square development apparently is less sensitive to night temperature
than is boll development. Hesketh and Low (1968) found that flowers, but no
bolls, formed at a temperature regime of 18C/13C. The square period increased
only 20 percent at a night temperature of 13C compared to 25C {33 days vs. 27.5
days) (Gipson and Ray, 1974). The day temperatures were not reported. Square
periods in Pima cotton did not change with plant age or position, but some
lengthening due to temperature occurred in the latter part of the season (Martin
et al., 1923).

OVARY

Carpel Number—The ovary is compound in cultivated cottons, but the four
cultivated species differ somewhat in the average number of carpels {locks) per
ovary. Gossypium arboreum and G. barbadense average between 3 and 4, where-
as G. herbaceum and G. hirsutum average 4 to 5. The average number of locks is
strongly influenced by genetics, but environment also plays an important roll,
both on potential locks per boll (carpels per flower) and on differential rates of
shedding of bolls. Since the number of carpels per flower is determined very early
in square formation (ca. 3-4 weeks preanthesis), the environment and physiologi-
cal state of the plant prevailing during the “squaring™ period will influence the
ratio of 4 to 5 carpellate flowers in upland cotton.

Figure 1 shows the ratio of flowers with 4 and 5 carpels and the relative
flowering rate of ‘Acala’ grown with and without adequate moisture ( Beckett and
Hubbard, 1932). The percentage of S-carpel flowers increased to peak bloom and
then declined. The decrease in carpel number was probably associated with the
onset of flowering and accumulation of boll load that occurred during the fourth
week prior to the declines. Surprisingly, the water stress conditions seemed to
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Figure 1. Ratio between Acala {lowers with 4 and 3 carpels per ovary and the
relative flowering rate during the bloom season as affected by water stress.
Results are calculated from data presented by Beckell and Hubhard {1932).

have had only minor influences on the average number of carpels per {lower
{Beckett and Hubbard, 1932, Inother experiments by thesame authors (Beckett
and Hubbard, 1932 Lone Star was grown al Greenville, Texas; atthough the
flowering pattern differed from that of Acala in California, there were similar
trends in the average number of carpels per [lower with stage of development.

Leding and Lytton (1933), working with an unspecificd varicty of upland
cotton in MNew Mexico, deterrmuned carpels per Flower from peak bloom {laie July)
to late Sepiember under close spacing and moisture stress. In all cases, their
results showed the same trend as shown in Figure 1 for corresponding periods.
Moisture siress decreased the average number of carpels per flower slightly, but
close spacing of plants had a major effect in reducing the averape.

“Locks per boll™ 15 primarily determined by carpels per flower, but differential
shedding of 4 and 3 lock bolls has some influence. Beckett and Hubbard (1932)
found that a great percentage of 5-lock bolls set under favorable growing condi-
tions, but under moisture siress, the 5-lock bolls were consistently shed more often
than 4-lock bolls. Johnson and Addicott (1967) found more 3-lock bolls after,
than before, August 1 and speculated that 5-lock bolls were retained perferential-

RELATIVE NQO. OF FLOWERS ——-
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ly. However, they assumed that the ratio of 4 to 5 carpellate flowers did not
change, so their interpretation, which is contrary to the previous reports, may be
invalid.

The tendency for the average lock number to decrease with increasing ball load,
and the strongly negalive response to close spacing (shading) suggest that the
carbohydrate status of the plant influences the relative number of 4 and 5 carpel-
late ovaries produced. The effects of temperature on carpel number have not been
definitively determined.

Ovules—The morphelogical development of cotton ovules has been described
{Baranov and Maltzev, 1937; Joshi er af., 1967, Stewart, t973), but the physial-
ogy of ovule development before (lowering has received only limited attention.
Powell (1969) found that & Arsurum plants maintained at a constant high
temperature (29.4C) had very low [ruil set, even when pollinated with pallen of
known viability. An alternating high-low temperature regime resulted in normal
fertihiy. A possible explanation s that the egg is inviable under constant tempera-
ture; however, failure of the stigma and style to support pollen germination and
tube growth cannot be ruled out.

Hughes [ 1966) found seasonal and positional effects on the number of ovules
per carpel in G. barbadense in Sudan. Flowers tended to have fewer ovules per
fock the more distant they were from the main stem. The first sympodial node
averaged thc most ovules. Flowers produced very early and very late in the season
averaged fewer ovules than those produced mid-season. The seasonal trend oc-
curred on defruited as well as fruited plants, hence was independent of boll load.
In general, flowers that have bloomed at the same time, regardless of position on
the plant, tended to average the sume number of ovules. Hughes (1966) also
found that nitrogen fertilization produced a sizable increase in the average num-
ber of ovules/lock. Powassium gave a slight positive response, but phosphorus
showed no cffect.

Turner er al. (1977) found that as the bloom season progressed, the number of
ovules per flower of . Airsutum increased. Our unpublished data from these
cxperiments showed that all of the § cultivars tested had an increase in ovules per
carpel over the 5-week bloom-period observed. Thus, most of the increase in
ovules per flower was due to an increase in ovules per carpel rather than carpels
per flower {(Figure 2). Others (Porter, 1936, Johnson, 1966) also obscrved an
increase in ovules or seeds per boll (S/B) from early scason to Jate season.

Pearson (194%9a) noted vestigial structures which resulted in “false™ motes in
mature cotton. From my observations (unpublished), these structures, located at
the base of the carpel, are incompletely developed ovules. Most likely, these
structures reach full development in mid- and late-season squares of G. hirsutiin
and account for the increase in ovules per lock. Pearson (1949a) noted that false
mote number declined from July 12 to August 9,
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Figure 2. Influence of the week of blooming on the number of locks per ovary,
ovules per lock and ovules/ovary. Average of 8 cultivars.

The influence of temperature on the number of ovules per flower has not been
determined directly. However, the trends observed by Hughes (1966) in the
Sudan and Turner ef al. (1977) in the USA indicate that both cool temperatures
and excessively hot temperatures during the formation of the square result in a
lower number of ovules per lock.
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STAMEN

Information on cotton stamen development is generally limited 10 morphology
and microsporogensis (Beal, 1928; Baranov and Maltzev, 1937; Joshi ez af., 1967)
rather than physiology, but some work has been done on the time of critical
events. The microsporangia (anthers) develop very early in the square period and
are established before the ovary obtains its complement of ovules (Quintanilha ez
al., 1962). Meyer (1966) found that the number of anthersin G. Airsutum cv. M-
8 was significantly and positively correlated with the mean relative humidity 22-
23 days before anthesis. There was no correlation between anther number and
temperature ar abselute humidity, The 22-23-day-period corresponds approxi-
mately with the time of meiosis according to the time scale of Quintanilha er al.
(1962). Meyer's (1966) results may indicate that anthers abort, since anther
number 1s certainly determined considerably in advance of meiosis.

Continuous high or low humidity may have a negative influence in cotton
production. Fleffman & Rawlins {197C) grew &. hirsutum plants in growth
chambers which differed in relative humidities (R.H.). At constant low (25
percent} or high (90 percent) atmospheric relative humidity the anthers of the
flower failed to dehisce. Also, the filaments were shorter at the extremes of R.H.
compared to 40 or 60 percent R.H. The cause of indehiscence was not explored,
Most likely, at high R.H. the anthers were normal, bui could not dry sufficiently
to dehisce, whereas at low R.H. the anthers were probably abnormal.

Structural variations within the developing anthers may influence subsequent
cvents. Joshi et al. (1967) noted that anthers which failed 1o produce fibrous
thickening in the endothecial layer did not dehisce, even though they contlained
mature viable pollen grains. Conditions responsible for the aberration were not
explored. Also, genetic mutants occur where viable pollen is produced, but the
anthers fail to dchisce (Murthi and Weaver, 1974).

Microsporogenesis— A detailed description of microsporogenesis is beyond the
scope of this review; however, mention should be made of environmental influ-
ences during critical periods of development of the pollen. A number of reports
{Sarvella, 1966; Meyer, 1969; Powell, 1969; McDonald and Stith, 1972) indicate
that high temperature (32C+) 15-17 days before anthesis increases the sterility
of pollen in temperaturc-sensitive male sterile stocks. Even fertile lines begin to
show sterile anthers above 38C (Meyer, 1969). McDonald and Stith (1972)
found simple correlations between maximum temperature at 17 days preanthesis
and sterility. Multiple correlation analysis indicated an interaction at 19 days
preanthesis also. [n addition, these authors found that correlations cxisted be-
tween sterility and maximum humidity at 19 days (simple correlation) and 13
days (multiple correlation). Powell (1569%) found that G. Airsutum grown at a
constant temperature of 29.4C or above failed to produce viable pollen. Humidity
was maintained at 70 percent. When the planis were grown with an alternating
high-low temperature regime, the pollen was fertile. Fisher (1975) examined a
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Figure 3. Influence of temperature on pollen fertility under production condi-
tions. The temperature exceeded 43C each day during the 18 days prior to July
3. lrrigations, which reduce field temperature, were approximately 3 weeks
before the days indicated by the arrows. Data from Fisher (1973).

number of cultivars under field conditions in Arizona and found that there were
genetic differences in heat-sensitivity, Figure 3 is a graph of pollen fertility for
one of the most heat-sensitive cultivars observed by Fisher (1975). The decreased
level of pollen fertility could be attributed to high temperatures during the
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preceding 3 weeks. The role of humidity could not be determined from the data;
however, the cooling effect of irrigation (Stockton and Walhood. 1960) was
probably sufficient to restore fertility.

Environmental factors such as temperature and humidity during critical per-
iods of microsporogenesis apparently can induce pollen sterility and anther inde-
hiscence. The exact stage of development at which the scnsitivity occurs is not
known; however, based on the time scale of Sarveltla (1964) or Quintanilha er af.,
(1962) it occurs after, rather than during, meiosis. Generally, in field plantings,
the conditions must be extreme before a significant impact is noted and even then
the penctic component is a major factor. If one considers the results of Powell
(1969), it may be that pollen sterility is related to minimum lemperatures rather
than maximum temperaturc, That is, if during the critical period the night
temperature does not drop low enough after a hot day, sterility resulis. This idca is
supported by the results of Fisher (1973) who compared temperature and boll set
over 7 years.

ANTHESIS

Flower Opening—The culmination of the square period occurs with the opening
of the flower. The eells of the petals expand rapidly during the 24-hours preceding
anthesis, and by early- to mid-morning the corolla is fully expanded. Simulta-
neous with petal expansion is the elongation of the stigma-style and of the
filaments of the stamens. Less evident, but well documented { Anderson and Kerr,
1938; Lang, 1938; Stewart, 1975; Ramsey and Berlin, 1976a,b), is the fact that
cotton fiber expansion begins early on the day of anthesis. This phenomenon
occurs independently of fertilization; hence, it is related to the hormonal balance
associated with the developmental progression of the flower bud rather than the
pollination event. The hermeonal or biolegical control of cotton flower opening has
not been studied, but it is reasonable 1o assumc that the simultaneously expanding
tissues of the flower {petals, stvle, filaments, fibers) are all ynder the same
temporal hormonal stimulus. Work by Beasley (1973}, DeLanghe ez a/. (1978),
Dhindsa (1978a) and Kosmidou {Chapter 25} strongly indicate that the stimulus
to fiber initiation is gibberellic acid, but auxins cannot be ruled out.

The actual expansion process is probably mediated by active transportl of
sugars and potassium and synthesis of malate. This is indicated indirectly by the
fact that the opening of the flower is strongly related to temperature; cool tem-
peratures may delay expansion by several hours. Moderate drought seems to have
less influence on opening than low temperature (unpublished cbservations).

The opening of the flower is the stage of sexuval maturity of the cotton reproduc-
tive system. The embryo sac within the ovule is fully developed and receptive Lo
fertilization. Pollen is shed from the anthers and will germinate on appropriately
receptive stigmas,
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In Vitro Germination and Tube Growth—Studies on cotton pollen have been
limited by the extreme sensitivity of the pollen to moisture. Whenever the grains
or tubes contact freely available water, they rupture. Approaches to circuinvent
this problem involve both non-aqueous methods and aqueous gels or solutions of
high osmolarity. The non-aqueous method of Klyukvina (as reported by Mira-
valle, 1965} involved grains coated with refined castor cil and maintained at 100
percent R.H, Although the original author reported nearly complete germination,
Miravalle ([965) obtained no germination by the method. Bronkers (1961) devel-
oped a method involving exposure of the pollen to acenaphthenc vapors in a humid
atmosphere. Miravalle (1965) confirmed that cotton pollen has a high percent
germination under these conditions; however, the tube growth reported by both
authors was [imiied 10 no more than 3 times the grain diamcter.

Aqueous methods using high osmolar solutions have received more attention
than non-aqueous methods, Hancock (1949) got high percent germination but no
tube growth on 35 percent sucrose solidified with 1% percent agar. Vasil {(1958)
used 40 percent sucrose with 0.01 percent boric acid without agar and obtained
lower germination but longer tubes (up to (.78 mm). Taylor (1972) used 25
percent sucrose, and in addition to boric acid, he included manganous sulfate and
calcium nitrate. Also, he solidified his medium with 3.5 percent agar and then
aged the germination plates for 2 days under refrigeration before applying pollen
grains. Although germination averaged only 30 percent, tube length averaged 15
pollen grain diameters (1.65 mm) with some tubes reaching 30 diameters, Wau-
ford (1979) used Tayler's medium as a starting contrdl and made subsequent
additions and modifications in a number of parameters. The changes most notice-
ably improving germination or tube growth were the addition of MgSQ, and a pH
of 7.6. When MgS0, and KNO; were present, Ca was found to be nonessential or
inhibitory. Govila and Roa (1969) also found beneficial effects on germination
with the addition of magnesium and potassium. Wauford’s (19793 best medium
consisted of 25 percent sucrose, 3.5 percent agar, pH 7.6, 5.9 mM MnSO,, 1.6
mM H.BO,, [.0mM KNG, 0.8 mM MgSC,, 1 uMM GA and 0.1 mM TAA. With
this, he averaged 47 percent germination and 2.60 mm tube lengih.

Wauford (1979) also examined the influence of different sugars on germina-
tion and tube growth. No germination occurred on fructose and only about 12
percent occurred on raffinose. Glucose and sucrose each supported about 33
percent germination under the conditions used. Tube growth was greatest on
sucrose { 1.6 mm), less on raffinose (1.2mm) and very low on glucose (0.2mm). In
most cases, tube growth ceased due to rupture of the tube.

Investigations concerning the influences of growth regulators on cotton pollen
germination and tube growth are limited and conflicting. Taylor (1972) reported
that [AA and GA did not help or were inhibitory, whereas Wauford {1979) found
them to be beneficial. The latter author found also that the growth retardant,
succinic acid-2, 2-dimethylhydrazide (SADH), inhibited both germination and
tube growth. Tube growth was almost 3 times as sensitive to SADH as was
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germination. IAA or GA could not relieve the inhibition. 1n a preliminary experi-
ment (unpublished), we noted that pollen tube growth was insensitive to 10° M 2-
chlorocthylphosphonic acid in the medium. Lipe and Morgan {1973a) found that
anther and stigma-style rissues produce exceptionally high levels of ethylene.
These data suggest that ethylene, although present. does not inhibit germination
and tubc growth. Whether it may serve as a promoter should be investigated.

Bronkers et al. (1972) used the method of Bronkers (1961) in their scarch for
correlations between atmospheric conditions during growth of the parent plant
and pollen germination perceniage. No correlations were cvident within the
ranges of their climatic conditions. We noticed (unpublished data) that pollen
germination and tube growth on artificial medium (Wauford, 1979) were influ-
enced by the mineral nutrition of the parent plant.

The ultrastructure and some of the histochemistry of pollen cyloplasm were
examined by Jensen and coworkers (Jensen et al., 1968; Fisher ez al., 1968). They
used Bronkers (1961) method for germinating pollen in their comparison of
germinated and ungerminated pollen cytoplasm. The results of those studies
indicate that mature pollen contains the reserves necessary for germination and
carly tube growth.

Pollen Storage—Cotion pollen generally cannot be siored for long periods {Go-
vila & Ran, 1969). Wauniord {unpublished data) obtained less than 3 percent
germination of &. Airsufum pollen collected at 1:00 pm and then stored at room
temperatore for 24 hours, J.R. Barrow (personal communication) found thait
pollen collected at 8:00 am had only 1 percent viability at the end of the next day.
However, buds collected the day before anthesis and stored under moderate
refrigeration retain viability of the pollen for a few days. Harrison and Fulion
(1934) reported that Pima pollen stored 4 days in a household refrigerator, where
the lowest temperature was 4C, allowed 60 percent retention of bolls, but seed per
boll (5/B) dropped from 13.2 to 11.6. 1 (unpublished data) and Barrow {personal
communication) both observed that pollen will not survive freezing for 24 or 48
hours at -5C. It is likely that freezing for any length of time will kill cotton pollen.

In Vivo Pollen Tube Growth—Iyengar (1938), in the first systematic study of
pollen tube behavior in Gossypium, found that pollen on the basal part of the style
germinated much less readily than pollen placed at the Lop of the style. The pollen
of both American and Asiatic cotlons germinate within 30 minutes after contact-
ing a receptive stigma (Pundir, 1972). The tubes extend between the papiliate
hairs of the stigma and penetrate into the conducling tissue. After grain germina-
tion, the generative cell divides to form the two sperm cells. These eclls and the
tube cytoplasm are described in detail by Jensen and Fisher (1968).

The growth rate of the pollen tubes is slow for the first 2 hours as they traverse
the stigmatic tissue to the conducting tissue. The rate in G. hirsutum then
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increases to a maximum of about 3 mm/hr. as the tubes pass through the stvle. As
the tubes approach the base of the siyle, the rate declines. The lowest growth rate
is in the ovary (lyengar, 1938; Pundir, 1972). G. arborewm pollen tubc growth
follows the same pattern except at a slower rate. When G. hirsutum pollen is
placed on G. arboreum flowers, a slower rate of tube growth results. Conversely,
the rate of tube growth of G. arboreum in the style of G. hirsutum is greatly
increased (Pundir, 1972). These results indicate that the nutritive-hormonal
balance of the conducting tissue is important to tube growth.

Suy (1979) examincd some of the effects of environment on pollen tube growth
of G. hirsutum. Light intensity did not influence the rate of growth, but red light
{6,500 A} increased slightly (13 percent) the length obtained in 4 hours compared
to white light. Relative humidity at 55 and 80 percent did not affect tube growth
but 30 pereent R.H. decreased growth. The most important factor was tempera-
ture. During the 4-hour test period adopted by Suy (1979), the rate of elongation
was near zcro below 19C and above 43C. Rate was linearly related o temperature
up to 37C, but growth declined rapidly above that temperature. These results
indicate that hot, dry conditions will inhibit pollen tube growth. If such conditions
persisted, fertilization and seed set would be adversely affected.

At the opposite extreme, Pearson (1949b) observed thait rain during morning
hours decreased boll set and increased the number of unfertilized ovules in those
bolls which did set. Her obscrvations arc, no doubt, a dircet result of the moisture
sensitivity of pollen grains.

THE BOLL PERIOD

SEED AND BOLL SET

Fertilization— The botl period of cotton traditionally is measured from the day of
anthesis. Pollination occurs on the day the lower opens, but fertilization does not
occur uniil 12 or more hours later. Many (Baranov and Maltzev, 1937; Constan-
tine, 1964; Ivengar, 1938; Joshi ez al., 1967; Pundir, 1972} have described fertil-
ization in cotton, but the work of Jensen and coworkers (Fisher ef af., 1968a.b;
Jenscn, 1965, 1968a, 1968b; Jensen and Fisher, 1967, 1968: Jensen ef afl., 1968;
Jensener al., 1977, Schulz and Jensen, 1977) has made cotton a model system for
double fertilization. Only a brief summary will be given here. For details and
ultrastructure the reader should refer {0 the above citations.

To accomplish fertilization, the pollen tube, by some unknown mechanism,
grows toward and into the micropyle. Often, several tubes may enter a micropyle,
but only one succeeds in penetrating one of the two synergids. This receiving cell
begins to degeneratc as a response to pollination and can be identified before the
pollen tube reaches it. The sperm cells are discharged into the synergid through a
lateral pore. The nucleus of one of the sperm cells enters the cgg cell and begins
fusion with the nucleus of that cell. The other sperm nucleus enters the polar cell
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and fuses with one of the polar nuclei. This 2x nucleus then fuses with the
remaining polar nucleus to form the 3x primary endosperm nucleus. Apparently,
the nuclear fusions in the polar cell occur before the zygote is formed. The
primary endosperm nucleus divides immediately and rcpeatedly, whereas the
newly formed zygote shrinks in size and does not divide for about 72 hours.

Seed Setting Efficiency —The fertilization process is of primary importance to the
production of the cotton crop. Any adverse factor during square development
{discusscd previously) which decreases egg or pollen viability or tube growth may
adversely affect yield. Walhood and McMeans (1964) determined fruit retention
as a function of seed number. To limit fertilization, they removed 50 percent or 90
percent of the stigma before pollination. Boll retention dropped from 68 percent
in the control to 3.8 percent in the 10 percent stigma treatment, Within the holls
that set, seed number was reduced from 32 in the control to 10 in the 10 percent
stigma. They concluded (Walhood and McMeans, 1974) that a high number of
ovules must be fertilized to assure retention of a boll. The same conclusion was
implied by Pearson (1949b).

The number of seeds in a boll is a function of ovules per flower and [ertilization
efficiency. The former is primarily a function of genetics but with an cnvironmen-
tal component as discussed earlier. The reverse is true for fertihzation efficiency.
Turner er al. (1977) used the term “'seed setting efficiency™ (SSE) to designate
the number of seeds produced compared to the number of ovules available for
fertilization. When they determincd SSE over a S-wecks bloom period, they
found that efficiency of fertilization declined late in the season one year but did
not change the second vear. In the 8 cultivars examined, the apparent SSE was
approximately 90 percent. In reality, SSE was probably lower since more of the
bolls with fewer seed would shed (Walhood & McMeans, 1964).

Small motes in mature cotion are ovules which were not fertilized (Pearson,
1949b). As such, the number of small motes in a boll can be used as an indication
of fertilization cfficiency. Rea (1929) found that mote content varied from 14 to
47 percent in 16 cultivars of upland cotton. High mote count was related to
drought conditions. Pearson (1949b) examined several cultivars at 8 locations for
3 years and found that the influence of environment was much more tmportant in
the occurrence of motes than the influence of cultivar. Cultivars tended to retain
their same rank regardless of when and where grown Locational faciors seemed
to be more important in the occurrence of small motes than seasonal factors. On a
day-to-day basis, the number of motes could be correlated with increases and
decreases in maximum temperature or with rainfall during the morning hours.
Pearson (1949b) concluded that high temperature was probably the most impor-
tant determiner of motle number in a crop since few bolls set on rainy days.
Hughes (1968) found that about § percent of the ovules of G. barbadense became
motes. Under Sudan conditions, early bolls had more unfertilized ovules than
later bolls, but the number increased again toward the end of the season. He found
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no telationship between number of motes and weather or irrigation cycle.

There is disagreement concerning the ovule positions most likely not to be
fertilized. Walhood and McMeans (1964) found that bolls with low S/B had the
seed at the apex. Iyengar (1938) observed that the earliest pollen tubes reaching
the ovary did not necessarily enter the top ovules. Order of entry did not depend on
pasition. Rea (1928) and Porter (1936) reported a progressive increase in motes
from the apex to the base of the bell. Hughes (1968) found 20 percent of the motes
in the basal position with no differences between the other positions. On the
contrary, Pearson {1949b) found that the apex position failed to get fertilized just
as often as the basal position, if only one mote per locule occurred. When there
were two or more motes per locule, or when the number of ovules per locule
increased, the basal position was less likely to be fertilized. Taken together, the
reports indicate that the basal position is least likely to be fertilized.

Consequences of Fertilization—Assuming adequate nutrition and moisture with-
in the plant to support additional bolls, faiture of the ovules to be fertilized results
in abscission of the young boll. Lipe and Morgan (1972, 1973a,b) showed that
ethylenc production by young fruiting forms was sufficient to induce abscission.
The process of fertilization supplies an additional stimulus that counters the
action of ethylene and prevents the shed of the young boll. Cognee (1973),
Walhood (1957) and Walhood and McMeans (1964) demonstrated that GA was
nearly as effective as fertilization in promoting boll retention {(sece Chapter 23).

An intcresting observation rclated to fertilization was made by Jensen er ad.
(1977). When unfertilized ovules were cultured with GA and FAA, the two polar
nuclei of the embryo sac fused and divided several times. In additicn, one of the
synergids degenerated. Since these events occurred without actual fertilization,
the question of hormone source under natural conditions is open. Must actual
penetration by the sperm cells occur, or does the process of tube growth produce
sufficient hormone to trigger the observed changes?

Some phenomena occur independently of fertilization but are accelerated, or
will continue, only if fertilization is successful. For example, the decline and
separation of the corolla, staminal column and style occur without fertilization,
but growth of the pollen tube in the style accelerates the evelution of ethylene
{Lipe and Morgan, 1973a) and the senescence of these structures. As noted
carlier, the fiber initials begin to elongate on the day of anthesis and will continue
elongation for a few days without fertilization occurring (Cognee, [975; Quinta-
nilha er al., 1962; see Chapter 23); however, the stimulus associated with fertil-
ization is necessary for the grand elongation of the fiber.

In practical terms, the subsequent processes and events of boll development are
dependent upon the fertilization event. The various aspects of boll development
which are discussed in detail in other chapters need not be repeated here. In
subsequent discussion, I will attempt to point out the aspects of boll development
that may be competitive or interrclaied in some way. Also, the influence of
environmental factors on some aspects of development will be included.
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DRY MATTER DISTRIBUTION

The development of a cotion boll with all of its components is an integrated
process in which the various events occurring at any given time are under similar
environmental, nutritional and hormonal influences. The distribution of available
carbohydrale is controlled by the relative strength of the various competing sinks
{Chapter 22). There are indications that some of the developing seed parts and
constituents respond differentially to environmental changes; however, these phe-
nomena have received only limited attention.

In . hirsutum the ovary (bur) rcaches full size and weight in 3-4 wecks
(Leffler, 1976¢) from anthesis. The seed reach their full volume and the fibers
attain their maximum length (Schubert et al., 1973) during this period also. The
enlarging phase in G. barbadense takes somewhat longer (Schubert er a/., 1976).
That mosi of the tissues expand simultaneously and then cease expansion at the
same Lime seems more than ceincidenial. Concervably. these tissues are under the
same hormonal control to expand during the first 3-4 weeks postanthesis. During
the third week the hormonal balance influencing the boll probably shifts to one
which promotes accumulation rather than expansion.

Typical Weight Distribution— Figure 4 illustrates dry weight changes in various
tissues of seeds of G. hirsutum cv. Coker 310. The sced were divided into the
anatomical structures: fibers, outer integument, palisade, endosperm and em-
bryo. Depending on age of the sced, the endosperm fraction included also the
inner inlegument and nucellus, or in general, those tissues which support embryo
growth. Fibers included fuzz fibers. For each of the two vears, fiber weight
increased up to about 16 days, at which 1ime a decline occurred in the rate of
increase. Thereafter, there was a resumption of rapid weight increase. The ouler
intcgument (not shown in Figure 4) increased in weight slowly for the first 2
weeks, but tripled in weight between 15 and 20 days postanthesis (DPA). The
weight was constant or declined slightly (from § mg to 7 mg) for the next 2 weeks
{36 DPA) then increased in weight slowly (to 10 mg) until opening. The palisade,
which is formed from the outer ¢pidermis of the inner integument, was evident
and separable at about 14 DPA. The rate of weight increase in this structure was
greatest between 20 and 30 DPA but a very slow increase in weight continued
until opening. The endosperm tissue weight increased steadily up to 20 DPA and
then declined in weight equivalent to the weight increase of the embryo. The
weight of the embryo exceeded the weight of its supporting tissue at about 30-32
DPA. Beyond that, the rate of embryo weight increase was greatest. After 30
DPA, essentially all dry matter increase was in the fibers and embryo with the
former accumulating cellulose and the latter accumulating oil and protein.

RELATI¥E WEIGHT DISTRIBUTION AND DEVELOPMENTAL
E¥YENTS

External vs. Internal Weight—The relative distribution of dry weight during sced
development is best illustrated by the ratios of weights versus time and by direct
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Figure 4. Distribution of mass inlo the various parts of Coker 310 seed during
development. Fiber includes fuzz fiber and endosperm includes inner integu-
ment and nucellus. Each point is the average of the contents of 15 bolls.

comparison of the growth of seed parts. Figure 3 presents the ratios of external
weight {fiber, fuzz and outer integument) and internal weight {remainder of
sced) as a function of DPA. The external part of the seed receives the greatest
portion of photosynthate during the first few DPA. This is indicated by the rapid
increase in the ratio of external w internal weight during that period. After 410 6
DPA, depending on cultivar and environment, the internal weight increases
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Figure 5. Ratio of external weight (fiber and outer integument) and internal
weight (remainder of seed) from anthesis to boll opening in Coker 310.

somewhat faster up to about 20 DPA. From that time until maturity, the distribu-
tion of dry matter between external and internal seed parts is about equal, or
perhaps internal weight gain is favored slightly, as will be seen later. Thus, three
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distinct phases in the distribution of mass occur during the development of the
seed. Each of these 15 discussed in more detail below.

Differentiation and Potentiation of the Quter Integument— As indicated earlier,
several events, including fiber initiation, are related more to the flowering event
than to fertilization. Unfertilized seeds and botls will enlarge at the same rate as
fertilized seceds and bolls until the third day after anthesis (Baert ef al., 1975;
Cognee, 1975; ses also Chapter 23). The stimulus of pollen tube growth {indcpen-
dent of fertilization) probably promeics and prolongs this growth,

Sufficient observations have been made on the early growth of the cotton seed
to recognize that its development rom -1 to 4-6 DPA is a unique stage which is
almost independent of, and in no way secondary to, fertilization and the start of
{he embryo-endosperm complex. From Figure 51t is evident that nearly all of the
dry matter distributed to the seed during this period goes into the outer integu-
ment with its newly forming fibers. Thus, it is atmost exclusively this tissue that is
responding to changes in nutrition, hormonal balance and environment.

Associzted with this period of development are a number of phenomena that
determine the fiber (and perhaps seed} quantity and quality at maturity. Ramsey
and Berlin { [976b) showed that the process of fiber differentiation can be recog-
nized 16 hours before anthesis (see Chapter 26). Most of the fibers on the ovule,
except near the micropyle, begin 1o expand on the day of anthesis {Anderson and
Kerr, 1938; Lang, 1938; Ramsey and Berlin, 1976a; Stewart, 1975); thus, the
environmental conditions preceding and during this time, no doubt, exert a strong
influence on the number of fibers per unit arca of seed and per sced, Worley et al.
{1976) showed fibers per seed (F/5) to be a basic unit in the yield model of cotton.
[ calculated fibers per seed (F/5= lint per seed/micronaire x mecan length) for
four cultivars grown in 25 locations across the U.S. Cotton Beit and found 2 range
of 13,000 to 21,000 among locations for a given cultivar (unpublished data).
Although the number of fibers per seed were not measured directly, the large
variation in calculated values does indicate that environment {location} can
significantly influence the number of fibers produced. This ts an area of fiber
physiology that has not been examined.

A second parameter that may be strongly inflaenced during the period immedi-
ately following anthesis is fiber length. The information currently available on the
response of fibers to hormones suggests that the potential for length is established
during this period. Specifically, Beasley (1977b) demonstrated that GA greatly
stimulates elongation of fibers on in vitro-grown ovules, but that its presence is
essential only during the first few DPA. Likewise, ABA is effective in the inhibi-
tion of fiber growth only during the first 4 days of culture (Dhindsa et a/., 1976).
IAA was effective in promotion of fiber development throughoui the culiure
period (Beasley et al., 1974). Others (Baert er al., 1975; Singh and Singh, 1975)
report results that substantiate those responses. In a study involving inhibitors of
the phytohormones, Dhindsa (1978a) concluded that GA mainly promotes ovule
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growth while IAA is mainly responsible for fiber growth. DeLanghe and cowork-
ers (Del.anghe et af., 1978) found that the morphology and size of the nucleclus
within the nucleus of the young fiber were strongly influenced by GA, auxin and
ABA. There was a correlalion between nucleolar size at 8 DPA and final fiber
length (however, maximum nucleolar size was attained at 5 DPA). They suggest-
ed that GA is the potentiating stimulus {production of ribosomes) and that TAA 1s
the actuating stimulus (use or output of ribosomes).

Additional support for this is found in the report of Berlin and Smutzer (1976).
Fiber could incorporate “C-uriding into RN A up to but not beyond 6 DPA, Also,
Dhindsa (1578) found that 5-brome-Z-deoxyuridine, a thymidine analogue, in-
hibited fiber production, but only during the first & days of culture. Since GA is
effective only during the few days after anthesis, this strongly indicates that the
total potential for fiber length is determined during this period. (More detaited
accounts of fiber development are covered in Chapters 23, 25 and 26). Cylokinins
apparently do not have a major influence on the growth of the external part of the
seed at this time (Beasley, 1977b; Beasley er af., 1974), but may be related to
internal events (see below).

Other phenomena concerning the external ovule parts are associated with this
period before the endosperm-embryo complex is well established. Stomata devel-
op on the ovules in large numbers, especially on the chalazal end, before the fibers
begin to enlarge (Ayyangar, 1948; Stewart, 1975). Although no direct relation-
ship has been demonstrated, it is an attractive hypothesis that these stomata
function in the uptake of CO, for incorporation by the PEP-carboxylase pathway
into malate. This pathway and organic acid are apparently important in the
expansion of the fiber {Dhindsa et al., 1975). Also, there is a high concentration
of malate in the liquid endosperm which develops up toabout 12 DPA Mauney er
al. (1967) found that ammonium malate was beneficial to the in vitro culture of
very young embryos. Whether the stomata function for the exchange of CO; in
the synthesis of these malate pools (fiber, endosperm) should be investigated.

Cell division in the epidermis (and probably the entire integument) accounts
for the increase in surface area up to 6 DPA. Thereafter, very few divisions occur,
and any increase in ovule surface area is accomplished by cell expansions (Berlin,
1977). Information presented by Berlin (1977) indicates that the non-fiber cells
of the cpidermis undergo between 2 and 3 cycles of division during the 6-day
period. Cessation of division corresponds closely with the initiation of fuzz fibers
(Lang, 1938).

Endosperm— An interesting feature of reserve storage occurs in the outer integu-
meni at anthesis. The preanthesis ovule contains very little starch; however,
during the 24 hours preceding expansion of the fibers, starch begins to accumu-
late in the outer integument (Baranov and Maitzev, 1937; Stewart, unpublished).
One could say teleologically that the plant has placed a reserve there for the
growth of the fibers that soon siart to cxpand. In reality, the starch does not
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appear to be metabolized during elongation but continues to be accumulated and
stored up to 20 DPA. The ultimate distribution of this reserve is unclear, but the
integument during the latter part of development contains no starch. Since there
is a very rapid accumulation of the starch during the 24-hour period before
anthesis, a plausible method to determine the use of this reserve would be to pulse
label it with *C at that time. Assuming a low level of turnover, the redistribution
of the label could be followed after the 3-week period.

As can be seen, most of the activity of the cotton ovule during the [irst few days
alter anthesis is associated wilh the external part. Internally signiftcant events
occur which initially do not alter photosynthate distribution, but laler have
profound cffects. Some ol the changes have already been mentioned. Brielly, the
free nuclear endosperm begins to develop almost immediately after triple fusion
(1 DPA). As the endosperm develops, the nucellar material is consumed. The
fertilized egg contracts and does not divide until 3 to 4 DPA. Continued divisions
during the globular stage result in small cells with little increase in embryo size
{Jensen, 1963; Pollock and Jensen, 1964).

Although a role for cytokinins in early ovule growth has not been demonstrated
unequivocally by exogenous application, Sandstedt {1971) detected cytokinin
activity in 1 DPA boll contents. This activity peaked at 4 DPA, was level 10 8
DPA, then declined te an undetectable level by 15 DPA. He suggested that there
was a causal relationship between the activity he detected and the ebservations of
Pallock and Jensen (1964) concerning zygole division. Another possible correla-
tion not considered by Sandstedt {1971} is cytokinin activity and endosperm
activity. Free nuclear divisions occur rapedly from | DPA and continue in a
pattern simiiar to the activity level reported for cytokinin. By 15 DPA, the
endosperm is largely cellular. Whether cytokinins are produced within the ovule
by the endosperm-embryo complex or transported into the ovule is unclear, The
former suggestion is supported (bul not proven) by the fact that the unfertilized
polar nuclei can be induced to fuse and divide by ovule culture in GA and 1AA
without cytokinin (Jensen et af., 1977).

The development of the endosperm-embryo complex signals the end of the
differentiation and potentiation stage of the integument. Marked changes occur
in the growth patterns of the ovule. Evidence indicates that IAA is the actuating
hormone and that it is produced by the new complex (see Chapter 23). The new
patiern of growth can properly be called the enlarging phase.

Enlarging Phase—Figurc 5 shows that the ratio of external to internat weight
begins to decline during the second week of development. This correspands to the
peried in which rapid expansion of the ovule and fiber occurs. Stewart and Kerr
(1974) showed that the incrcase in fiber length (L) during this period was
allometrically related to the increase in ovule volume (V); L=0 V% orlog L =
log B + « log V (Figure 6). The « and (3 are the growth parameters. The slope
{w ) of the lines for eight cultivars over three environments varied more among
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Figure 6. Relation of fiber length to sced volume during the enlargement phase
{log transformation). L = B V¥ orlog . = log B + « log V. Length varies
approximately as the square root of volume (Stewart and Kerr, 1974).

environments than among cultivars. The variation in 3 was about the same for
cultivars and environment (Stewart, 1974). The 8 value represents parameters
such as initial ovule size, lime of fiber initiation and rate of enlargement of both
ovule and fiber during the first week after anthesis.

Figure 7 shows the refative weight distribution between external and internal
seed parts beginning the second week postanthesis up to 50 DPA. The results are
expressed on a log-log scalc for convenience. The cultivars Coker 310 and Dixie
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Figure 7. External weight versus internal weight of Coker 310 during the enlarg-
ing and accumulation stages. Two patterns of weight distribution are evident
between the two stages.

King I1I (not shown) gave almost identical patterns for the 2 years. At about 45
mg total ovule weight (approx. 16-17 DPA), there was a hiatus in weight accumu-
lation in the external part of the seed but not in the internal part. Reference to
Figurc 4 shows that the endosperm and palisade were accumulating weight at this
time. After the pause, the fibers began to accumulate mass again but with a new
distribution relationship compared to the previous distribution of mass.

The lower part of the curve in Figure 7 represents weight distribution during
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the second and third week of growth. The slope of this line is approximately 1.7,
indicating that the mass distribution is about 63 percent and 37 percent 1o the
external and internal parts, respectively. This represents a considerable increase
for the internal part of the ovule which was receiving only about 10 pereent during
the first 7 DPA.

The major structural additions to the external part are the initiation and
development of the fuzz fibers, which begin at the start of the phase (Lang, 1938),
and the length increasc of the lint fibers, Also, it is likely that secondary cellulose
deposition begins in the fibers during the latier part of this period (Schubert ef af.,
1973). The non-fiber epidermal cells expand latcrally and begin secondary depo-
sition in conjunction with the fibers (Berlin, 1977). The outer integument does not
increase in depth, but apparently the cells expand laterally and rctain, and
perhaps increase, their starch content {Baranov and Malizev, 1937: Joshi ef al.,
1967).

The development of the embryo with its associated endosperm has been exam-
ined by a number of individuals and groups (Baranov and Maltzev, 1937, Irvine,
1957; Joshi et af., 1967; Pundir, 1972; Reeves and Beasley, 1935), There is ittle
disagreement in the general sequence of gvents among these reports and only
minor differences in the timing of events. The following descriptions on the
embryo and endosperm arc gencralized concepts from the above works.

The internal part of the seed has the greatest structural changes during this
period. At first the inner integument greatly expands and accumulates starch.
The free nuclear cndosperm also increases in size, and the embryo develops Lo the
heart stage. The “liquid™ of the endosperm has a high osmolarity. This is due
mainly to malate salts (Mauncy et al., 1967) and probably simple sugars includ-
ing fructose (Conner et al., 1972). Unlike the fibers (Beasley et al., 1974), the
embryo apparently can utilize fructose (Mauney, 1961).

The endosperm-cmbryo complex is the only tissue undergoing mitosis during
the second week of development. Around [0 DPA, the endosperm starts forming
cell walls around the nuciei, cspecially in the micropylar area around the embryo.
The sequence of this phenomenon suggests that the stimulus originates with the
embryo. By the end of the third week, the endosperm is cellular and no additional
divisions occur.

Shortly after the embryo is encased by cellular endosperm, it begins to elongate
and form the cotyledons. Generally, by the end of the third week the cotyledens
begin to enfold and the embryo begins to accumulate storage producis. Also, the
endosperm begins to be absorbed by the embryo. The maximum length of the
embryo is obtained within a few days (ca. 25 DPA).

Coincident with, and perhaps related to, the changes occurring in the cndo-
sperm, Lthe outer epidermis of the inner integument elongates to form the palisade
layer which becomes the main protective layer of the seed coat. The stimulus that
promotes this unique development is unknown. Secondary deposition i the pali-
sade layer may precede or, at the very least, coincide with the onset of cellulose
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deposition in the fibers and outer epidermal layer. The inner epidermis of the
inner integument also acquires secendary deposition and eventuaily becomes the
fringe layer.

During the enlarging phase of growth the hormonal interactions of the ovule do
not seem quite as complex as the period immediately following anthesis. Auxin
needed for the continued expansion of the fibers and ovule is probably produced
by the endusperm-cmbryo complex. Excessive proliferation of integument cells
has been related to exogenous GA treatmenis in several instances (Beasley,
1977b; Joshi and Johri, 1972; Stewart and Hsu, 1977b). Some motes may be
related 1o excessive integument growth in vivo (Cognee, 1973; Joshi ef al., 1967).
Most likely control of differentiation is maintained by a combination ol IAA and
ABA. These hormones are known Lo inhibit GA-mediated callus growth of the
tnteguments (Beasley, 1977b; Stewart and Hsu, 1977b). Davis and Addicott
(1972) showed that ABA in the young boll increased rapidly from 5 DPA to a
maximum at 10 DPA. The amount in the lint and seed declined to near 0 by 15
DPA. Recall that fiber production was not affected by ABA after 4 DPA
{Dhindsa et af., 1976). Thus, the ABA may regulale integument development
during this peried. The influence of ABA on early embryo development in vivo is
unknown, but there is evidence with somatic embryogenesis that it maintains the
development of the embryoids in a more normal pattern of development com-
pared to the absence of ABA (Ammirato, 1974). The absence of ABA at 15 DPA
may permit efongation of the embryo. Onset of secondary deposition may also be
related to the absence of ABA at this time (see Chapter 23).

C.A. Beasley and his coworkers have done extensive work on the responses of
cultured cotton ovules to variations of minerals, carbohydrates and vitamins as
well as the major hormones. The interested reader should refer 1o (wo reviews
(Beasley, 1977b; Beasley et al,, 1974} for indepth discussion of their culture
methodology and for more detailed discussions concerning hormonal interactions
within the cotton ovule (see Chapter 39).

Accumulation Phase—During the latter part of the enlargement period accumu-
lation begins, but apparently the two phases are not exclusive. Benedict and
coworkers { Benedict et af., 1972; Schubert et af., 1976) showed that clongation of
the fibers continues until about 25-26 DPA. Reeves and Beasley (1935) and
Pundir {1972} indicate that the full length of the embryo is not achieved until
about that same (ime, even though accumulation of reserve material begins
several days earlier. The information at this point suggests that the two processes
are independently regulated, but serious investigation of this area is lacking.
The relative distribution of mass during the time that enlargement and accu-
mulation coincide reflects the latter phase. The break between the curves in
Figure 7 occurs at about the developmental stage that accumulation of cellulose
and embryo reserves starts (16-17 DPA). The slope of the line for the new
distribution relationship is approximately 0.9. This means that 47 percent of the
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mass is accumulating in the external part of the seed and 53 percent goes to the
embryo. Reference to Figure 4 shows that the palisade is the main recipient of
mass internally until about 30 DPA. During this time the gain in embryo weight is
approximately matched by loss in endosperm weight. After 3G DPA, the embevo
weight surpasses that of the endosperm and all additional weight changes inter-
nally are explained by embryo weight increases. Externally, essentially all mass
accumulation is in the fibers (including the fuzz fibers). From this relationship, it
is easy to see why immature seeds generally have a higher lint percentage than
mature seeds (Meredith et al,, 1967; Walhood and Counts, 1955). The longer 4
seed accumulates mass, the greater will be the absolute amount in the embryo.
Also, data presented by Walhood and Counts (1955) indicate that mass continues
to accumulate in the seed (s¢ed index) after the fibers reach maximum weight
(fiber index).

During the development of the embryo, the 30 DPA to 32 DPA period is one
that has attracted considerable interest, speculation and controversy. in order to
explain certain results of their experiments with precocious germination and
mRNA synthesis in developing embryos (sce Chapter 28), lhlc and Dure (1972)
proposed that the vascular connection between the ovule and parent plant atro-
phies at 32 DPA. Subsequent weight gain of the embryo supposedly would come
from the rest of the ovule. In subsequent communications (Dure, 1973) the
tenuousness of the proposal was overlooked, and ot reached 4 wide audience and
acceptance outside the cotton discipline. However, Benediet et af. (1976) ade-
quately demonsirated that “C was transported into the seed up to 45 DPA (see
Chapter 22). The results of Figure 4 support thosc of Benedict and coworkers and
show that the remainder of the ovule, with the exception of the endosperm, does
not lose weight 1o the embryo. An interesting feature can be seen in the weight
changes of the embryo and endosperm. At about 30-32 DPA the embryo weight
cxceeds that of its supporting environment. Perhaps the restraints hle and Dure
(1972) attributed to the parent plant reside in the endosperm and as this tissue is
lost, the restraints are removed. That germination after 30 DPA is inhibited by
ABA is well established {Davis and Addicott, 1972, Dure, 1975; Halloin, 1974).
Davis and Addicott {1972) showed that ABA in the developing seed and boll is
near zerc at 30 DPA but increases rapidly 10 40 DPA. The leve]l of ABA in the
seeds declines with age thereafter, but continues to increase in the carpel wall
until boll dehiscence. The ABA within the seed is probably in the integuments
since embryos removed from the seed will germinate (Dure, 1975).

While the external part of the seed accumulates only celiulose, the embryo
accumulates both lipids and proteins. The proteins are generally accumulated
first in association with the elongation of the embryo and then at a more or less
continuous rate associated with the weight increase of the embryo {Elmore and
Leffler, 1976; El-Nockrashy er af., 1976; Grindley, 1950; King and Leffler,
1979). There is a low but progressive accumutation of polar lipids during cmbryo
development. The neutral lipids, which constitute the bulk of the storage reserve,
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increase rapidly in the seed from aboul 26-30 DPA to about 45 DPA and then
increase only slowly { Brown and Kurtz, 1949, El-Nockrashy er af., 1976; Grind-
ley, 1950; Touma-Touchan, 1377).

Maturation and Boll Opening—The final period in boll deveiopment has not
reccived the attention other periods such as the enlargement phase have received,
and often it is not recognized as a time during which significant changes occur.
Overall mass accumulation declines, probably with oil being the only carbon
reserve that continues to increase ( Brown and Kurtz, 1949; El-Nockrashy et al.,
1976; Grindley, 1950; Tharp, 1948; Touma-Touchan, 1977). The accumulation
of cellulose in fibers apparently stops belore reserve accumulation ceases in the
embryo (Walhood and Counts, 19535).

Other changes occur during the maturation period. Active accumulation of
minerals, in contrast to pholosynthale, continues in the embryo; however, miner-
als in the carpel walls and in the libers generally decline (Leflfler and Tubertini,
1976; see also Chapter 21). Waler-soluble nitrogen, including protein and small
peptides, increases in the embryo, whereas accumulation of storage protein ceases
(King and Leffler, 1979). Also, dramatic changes in the level of certain enzymes
occur during this period (see Chapter 29).

The hormones in the fruit may play a significant role in maturation. The ABA
concentration is high in the carpel wall and continues to increase during the
maturation period; however, the amount of ABA in the seeds declines during this
period {Davis and Addicott, 1972). 1t is not known if the decline in ABA in the
seed is related to other observed changes. In the carpel walls Lhe ABA increase
may stimulate ethylenc production and dehiscence ol the boll. Ethylene produc-
tion by the fruit increases abruptly during the maturation period (Lipe and
Morgan, 1972a),

The final maturation of the seed coat occurs immediately before and during
capsule opening. The various layers of the seed coat are not cemented together
well and remain permeable to water until oxidative processes occur (Halloin,
1976b}. Coloration of seed coals is apparently due to enzymic oxidation of cate-
chin, and the development of impermeability to water requires Q.. [ “hard” seed
the oxidation process exiends across the chalazal end, whereas normal secd take
up water easily in this region (Christtansen and Moore, 1959). A “hard™ seed
conditton may also result from a high level of ABA in Lhe seed.

The stimulus that (riggers the sequence of events leading Lo boll dehiscence is
not known. One would expect thal the progression to maturity in the seed would
cantrol events in the carpel wall. Ray (1963} found that the boll period of
parthenocarpic bolls was 4 days less than fertile bolls. He suggested that dehis-
cence of capsules was independent of seed maturity. However, that the seeds
delay dehiscence cannot be ruled out. In either circumstance, the results suggest
that dehiscence can be controlled independently of seed maturaticn. This may
have significance in developing techniques for green boll harvesting.
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Once the sutures of the carpels separate, the walls begin to dry and reflex open.
The vascular system is tangential to the carpel in the inner part but radial in the
middle and cuter parts of the carpel wall. Upon drying, the outer part can
contract more, hence the walls reflex cutward (Baranov and Malizev, 1937;
Simpson and Marsh, 1977).

ENVIRONMENTAL INFLUENCES

Boll development is controlled by the genetic-environment interaction. While
recognizing that therc is considerable genetic diversity among cultivars, in the
following discussion 1 will atiempt to give general physiological trends that occur
in response to changes in the environment. Obviously all plant responses are to the
total environment, but for simplicity the environmental parameters are divided
into water, mineral and temperatlure effects.

Water—As discussed earlier, during the first 14 DPA the primary response of a
yvoung boll to stress is abscission. If waler stress occurs after that time, the boll
generally does not abscise (McMichael er a/,, 1973). Since bolls are extremely
resistant to water loss and can be considered non-transpiring (McMichael and
Elmare, 1976, Radin and Sell, 1975), they are less susceptible to dehydration
than leaves. The bolls cxhibit 3 to 5 bars higher potential than the leaves, but their
diameters will fluctuate with water status (McMichael and Elmore, 1976).

Moisture level during the fruiting cycle of the cotton plant does not affect all
parts of the seed equally. During the enlarging stage a stress will reduce fiber
length; conversely. irrigation will increase length slightly (Antony and Kutty,
1975; Bennett ef al, 1967; Hearn, 1976; Newman, 1967. Spooner et al., 1958).
The effects of water availability on the seed at this stage have not been deter-
mined directly. Also, these effects cannot be deduced from published reports since
the customary measure is seed index. which is determined by both the enlargment
and accumulation phase. However, one would expect seed volume to vary with
available moisture much the same as fiber length.

Overall, seed index is probably morc sensitive to moisture stress than the
commoanly measured parameters of fiber quality such as length and micronaire
{Longenecker and Erie, 1968). This is indicated by the obscrvation that cotton
produced under dryland conditions generally has a higher lint percentage than
irrigated cotton. Newman (1967) found higher micronaire values under non-
irrigated culture and Bilbro (1962) found no differences compared to irrigated.
However, under severe water stress, low micronaire valucs and immaturity of
fibers can result {(Antony and Kutty, 1975).

The relationship between water availability and percent oil in the seed has long
been recognized (Anonymous, 1918). Stansbury er al. (1954) found a highly
significant correlation of 0.59 for oil content and rainfall during the aceumulation
period. Correlations between oil percent and rainfall during the enlarging perind
were much less and were non-significant, .
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As with most environmental faclors, the percent protein in Lhe cottonseed
seems to be less affected by water stress than by other seed parameters, Howewver,
environmentally controlled experiments are lacking in this area.

Mineral Environment—The influence of the mineral environment on cotton fruit
development has been examined primarily as the response to fertilization under
production conditions. Specific physiological studies of the essential elements
usuaily are limited to yield, but some information on quality parameters in
relation to fertilization is available. These studies were reviewed previously by a

o q

- ~ Ol-Hi M

:

Quamity/Seed l%of 1st quvest,
S
1

} | i t ] 1 L

19 26 3 10 20 31 13
Sept. QOct. Nov.

Date of Harvest

Figure 8. Percent change of seed oil and protein lrom first harvest to last harvest
at high and low nitrogen fertilization. High N reversed the decline in oil but not
protein. Results calculated from data given by Leffler et al. (1977).

group of authors in another symposium (Elliott er af., 1968). Tharp (1960)
presented a general treatment of the response of cotton to essential nutrients. In
Chapter 9, Joham discusscs the effects of minerals on the relative fruitfulness of
cotton; in Chapter 21, Leffler discusses the accurnulation and distribution of
minetals in the fruit. In view of the availability of information elsewhere, my
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discussion will be limited 10 gencralizations and recent observations.

Nitrogen relationships in the developing boll are not yet completely under-
stood. When comparing responses to adequate versus deficient nitrogen supply,
the following are usually observed: increases in seed per botl, fiber length, lint
weight, seed weight and seed nitrogen, but decreases in percent oil and in the ratio
af lint to seed {Elliott er al.,, 1968; Tharp, 1960). The increases are probably
related to the general increase in vegetative vigor of the plant in response o N
fertilization. The increase in seed nitrogen is due almaost entirely to increase in
storage protein {LefTler er o, 1977).

The decrease in percent oil does not necéssarily indicate a decrease in oil per
sced. In fact, the absolute amount of oil probably increases. Tharp er al. (1949)
and Leffler er a/. (1977) noted that conditions that result in high protein may
result in high oil content per sced. (The former authors pointed out the need for
biologists to express o1l and protein concentrations of the cotton seed as amount
per kerncl or amount per seed rather than the percent of seed used by industry.)
Leffler et af. (1977) compared percent protein and percent oil of cottonseed from
plants grown under high and low nitrogen fertility for different harvest dates.
Also, from their data I calculated quantity per seed of oil and protein. As expect-
ed, percent N and N per seed inereased with high-N fertilization, but they both
declined from bottom harvest (early) to top barvest (late). Percent o1l was de-
creased by high-N compared to low-M, but the percent increased from bottom to
top harvest regardless of N. Oil per seed was reduced by high-N in the bottom
harvest, but the relationship was reversed in the middle and late harvests, As a
result of the treatment-environment-boll position interaction, total reserve per
seed decreased in the low-N but not in the high-N as the seasen progressed. The
effect of high-IN was 10 maintain a high level of oil accumulation throughout the
season. The percent changes of oit and protein with date-of-harvest at high and
low-N are shown in Figure 8.

Although lint per sced increased with N fertilization, the observed decreasc in
lint percentage indicates that seed weight is increased more than lint. Fiber
maturity is not significantly changed by nitrogen supply uniess it is excessive, in
which case micronaire is decreased (Hearn, 1970; Koli and Morrill, 1976). The
influence of nitrogen on fibers per seed is not known; however, MacKenzic and
van Schaik (1963) reported that N increased lint index (L) but did net change
length (M) or micronaire (Mic) under their conditions. Their abservations indi-
cate that the number of fibers per sced increased since LI = M x Mic x F/S.

All nutrient supply to the boll must be viewed in terms of active transport, since
there is essentially no transpiration stream to carry minerals passively (McMi-
chael and Elmore, 1976; Radin and Sell, 1975). This is particularly notable when
the cotton plant receives nitrogen {IN) as nitrate. No nitrate occurs in the ovules,
and almost all N supplicd to the developing seed is in reduced form (Radin and
Sell, 1975). Evidence strongly indicates that the major form of N transported into
the seed is asparagine (Elmore and Leffler, 1976).
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There are a number of indications that the ammonium lon (NH,+) is critical to
devclopmental events in the ovule. Beasley (1977a) found that the response to
IAA of cultured ovules was qualitatively influenced by NH,*. I noted (unpub-
lished data) a syncrgistic response between WH,+ and callus induction from
cultured ovules by ethephon {Stewart and Hsu, 1976). Stewart and Hsu {1577a)
found that the ammonium ion was eritical for the in ovaelo culture of embryos. All
theae reports demonsirate that seed development is influenced by the availability
of the ammonium jon. How this ion functions is not known.

Potassium (K) availability is closely associated with seed development and
strongly influences the quality parameters of the mature product. Where K is
deficient, addition of the mineral will increase mean fiber length and length
uniformity (Bennett ef al., 1967, Sabino, 1975; Tharp, 1960). These observations
are understandable since K is the counter-ion for malate in the elongating fiber
(Dhindsa er al., 1975). Potassium malate probably acts as the major osmoticum
for fiber expansien; thus, an adequate supply should assure that all fibers reach
their maximum potential. Beasley et al. {1974) found that high levels of KNOs
were beneficial to ovule and fiber growth in vitro. A high level of KNO, was also
used for in ovulo embryo culture (Stewart and Hsu, 1977a).

During the accumulation stage of seed development, K may increase fiber
micranaire (Sabino, 1975}, but this response is not consistently reported. Perhaps
the most consistent response to K fertilization is an increase in the percent oil and
oil per seed (Tharp ef al., 1949). Seed weight is usually increased. Potassium is
intimately involved in transport of photosynthate from the leaves to the bolls and
decreascs in the K content reduce both the quantity and distance carbohydrates
move {Ashley & Goodson, 1972), With a deficiency of K, the symptoms of low
carbohydrate status can be expected.

Phosphorus (P) generally does not have a major impact on seed development. I
sufficient P is available for the fruiting form to remain on the plant, there is a
sufficient amount for seed development. Sabino (1975) found that P fertilization
increased fiber length slightly. The main role of P in fiber growth would be in
sugar metabolism and in membrane synthesis. The major increase of P occurs in
the sced during the accumulation phase (see Chapter 21). More than 80 percent
of this accumulation at maturity occurs as phytin (Ergle and Guinn, 1959). The
accumulation of P is not important in terms of seed processing /ultilization quality
but mav be extremely important in planting seed quality, This apparently has not
been investigated.

Information on the specific effects of other elements on the development of boll
components is limited, Liming (Ca,Mg) was found to reduce micronaire without
changing length or uniformity (Sabine, 1975). Anter er af. (1976a,b) spraved
micronutrients at various concentrations on cotton plants before flowering and for
before (what they called) boll-setting to determine the effects on fiber quality.
Zinc (£n) had no effcct; length was decreased by manganese (Mn), iron (Fe), and
boron (B); micronaire was decreased by copper (Cu) and Fe but was increased by
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molybdenem (Mo} and B. EDTA also increased micronaire significantly and
may have increased length slightly. The soil in their experiments was calcareous,
so the EDTA may have had its beneficial effect by relieving calcium {Ca)
inhibition of micronaire (Sabino, 1975).

Ovules grown in culture require B for normal growth and for develapment of
fibers (Birnbaum er al, 1974}, A deficiency of B may disrupt the flow of metabo-
tites through the pyrimidine synthesis pathway {Wainwright et al., 1980) und
cause reduced synthesis of UDPG (Birnbaum er o/, 1977). UDPG is probably
the major intermediate in cellulose synthesis. Thus. sufficieni-to-excess B should
promaote fiber maturity as observed by Anteref al. (1976a). The influence of Bon
embryo development is not known. Anderson and Worthington (1971} found no
effect of B fertilization on oil or protein of the seed.

Temperature—The influence of temperature, especially low wemperature. on cot-
ton bolt and seed development has been examined moreg than any other enviren-
mental factor. It is well established that boll period is inversely related to tem-
perature {Gipson and Jfoham, 1968a; Hesketh and Low, 1968, Morris, 1963,
¥foulis and Fasoulas, 1978, see also Chapter 5). Whether mean day or night
lemperature is most important depends upon the range of the temperalures in
relation to the maximum and minimum. Yfoulis and Fasoulas (1978 found that
night temperature must be above a certain minimum rather than a certain mean
before an economically acceptable boli-period results,

Other physiolegical factors not related to remperature influence boll period.
Morris {1963) found that the physiological age of the plant when a boll sets has a
strong influcnce on the boli-period. Also, there is great variation in the boli-period
of fruit set the same day. Specific reasons for this variation have not been
determined but are conveniently cxplained away as differences in microclimate.

Field experiments (Meredith et af., 1967; Turner ef al., 1979; Verhalen er al.,
1875) indicate that most of the boll parameters other than seeds per boll {(S/B)
decline with the season. The declines are usually attributed to the cooler tempera-
tures the cotton crop experiences in the latter part of the growing seascen. Quisen-
berry and Kohel {1975) guantified environments by daily and accumulated heat
units (HU = mean temperature minus 18 3C), Correlation and regression analy-
ses between HU and boll parameters showed that {iber weight per seed. micron-
aire and seed size were highly correlated to HU as expected. The maximum
temperatures in the three environments they examined were not exceptionally
high.

Gipson and coworkers (Gipson and Joham, 1969; Gipson and Ray, 1968,
1969a; Chapter 5) examined the influence of night temperature on fiber elonga-
tion. They conciuded that the initial stages of fiber elongation were highly tem-
perature-dependent, whereas the later stages appeared to be less sensitive to
temperature. Their conclusions are justified when fiber initiation is included as a
part of fiber elongation. However, close examination of thetr datu revealed that no
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Figure 9. Rate of fiber clongation as a function of length at various night
temperatures. Elongation of short fibers is relatively independent of night
temperature. Results calculated from data given by Gipson and Ray (1968).

fiber growth was detected for a number of DPA at the lower night temperatures.
Therefore, eclongation-rate-per-day of fibers at the higher temperatures was being
compared to 2 zero rate at the lower temperatures since there were no fibers.
When their data (Gipson and Ray, 1968) for elongation rate were plotted against
similar physiclogical stages of fiber development (length), the early stages of
elongation seemed to be independent of night temperature while the later stages
became more affected (Figure 9). The novel feature of their data is that fiber
initiation {as opposed to clongation) seems to be very sensitive to night tempera-
ture.

High temperatures can have a detrimental effect on boll development. Turner
{unpublished data} compared boll characteristics of three cultivars grown for 2
years in the Imperial Valley (hot) and the northern San Joaquin Valley (mild) of
California. The cotton grown in the Imperial Valley had reduced boll size, seed
index, weight per seed, seeds per boll, lint percent and mean length. Micronaire
was higher in the hot environment of the Imperial Valley. Stockton and Walhood
(1960) also found that boll size and fiber length decreased with increasing boll
temperature but maturity increased. Since both low night temperaiure {Gipson
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and Joham, 1968b; Gipson and Ray, 196%9a) and high temperature reduce lint
length, the response is hyperbolic. Boll weight also is related to temperature in a
hvperbolic fashion, with the maximum occurring around a 20-22C night tem-
perature and a day wemperature less than 30C (Gipson and Ray, 1970; Hesketh
and Low, 1968). Gipson and Ray (1976} found that lint index, hnt percentage
and lint per boll were deereased by high (37C) or low (13C) night temperature.
Contrary to other reports, they found that seed index was increased by high night
temperature (however, their day temperatures were probably less than 30C). All
reports agree that micronaire is linearly related to temperature.

Information concerning the influence of temperature on embryo development
is meager. Gipson and coworkers (Gipson and Ray, 1970; Gipson et al., 1969)
found that seed N content was linearly related to night temperature. Percent oil
tended to respond hyperbelically, with the optimuem being near 20C. Stansbury et
al. (1954) examined eight cultivars at 13 locations for 3 years and found the
correlalion of percent oil 1o maximum temperature to be r = 9.57%% Low
temperature changes the ratio of simple sugars and the time of maximum accu-
mulation in the seed (Conner ef af., 1972). The rates of accumulation of minerals
and reserves are also altered by low temperature (Kreig et al., 1973). Other than
time required to develop, qualitative changes in the seed arc difficult to recognize.
However, certain interrelationships discussed below suggest that temperature
{and other environmental factors) cause qualitative as well as quantitative
changes.

COMPETITIVE INTERACTIONS

Many cvents and structures are involved in the development of the mature
colton fruit. Those events or siructures which develop simultaneously compete for
a share of the available mineral and phetosynthate within the constraints imposed
by the genetic complementi and any difTerential response Lo environment that may
exist. In addition, there is the possibility that the competitive results of one
developmicntal sequence may influence the results in a subsequent sequence. For
example, the number of fibers per seed which develop during initiation might
influence the mean fiber length during enlargement, and these two in turn influ-
ence the amount of cellulose deposited in cach fiber during accumulation.

The influence of some of these interactions can be detected in the mature
harvested product. However, caution must be exercised in the interpretation of
correlation analyses involving events that are separated temporally (environmen-
tally) or involve multiple interactions. Almost no swodies are available in which
environment is controlled, but in some situations partial regression analysis has
been used to separate the relative conribution of the various factors that influ-
enced an observation. When two unrelated factors are influenced in parallel, they
will give a positive correlation, That is, two parameters may be correlated but not
related. Relatedness must be determined on the basis of their developmental
history.
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The obvious overall area of competition is between fruits. When the plant
acquires a “boll load,” the competition is such that no new fruif can set (sce
Chapters 2 and 12). Schubert e al. (Chapter 22) showed that sink demand will
determine the distribution of carbohydrate. Since older boils have the highest
demand, new fruit is discouraged, and a boll in the accumulation stage will be at
an advantage toone in the enlarging stage. Sink demand may explain the observa-
tions of Kittock ef af. (1979). They estimated the effects of bolls at branch node !
on bolls at other branch nodes. When branches had 2 or more bolls, the boll at
node 3 averaged 8 percent fewer seed, 9 pereent lower weight/seed, 13 percent
less lint/seed and 22 percent less lint/boll than bolls at branch node 1. About 50
percent of the reduction in seed weight and 75 percent of the reduction in 8 /B and
lint/seed {L/S) was the result of onbranch competition.

The second level of competition occurs between the seeds within a boll. Baranov
and Maltzev (1937) demonstrated that the rate of development of embryos in
different positions of the lock vaned greatly. The slowest-developing position was
the basal one. The degrec of sunlight (amount of photosynthate) strongly influ-
" enced the rate of development, also. Porter {1936) examined fiber length as
function of lock position and found that the position nearest the apex, especially in
the many seeded bolls, had the shortest fibers. Seeds near the base of the boll had
shorter fibers than seeds at the middle positions (Figure 10).

Although an increase in S/B should increase the sink strength of the fruil, the
relationship is not linear. Kittock and Pinkas (1971} measured individaal bolls of
Pima and found that seed weight decreased as S/B increased. Others (Kearney,
1926; Scholl and Milker, 1976; Turner, unpublished) found a similar correlation
in Pima and Upland cotton. In a study involving male-sterile lines, bolls which
varied widely in their numbers of seed allowed examination of 5/B effects over 5-
sced increments from 5 to 40 {L.. L. Ray, personal communication). Seed size and
fiber-per-secd were strongly inversely related to S/B; however, there scemed to be
a definite breakpoint at about 15 5/B. Micronaire, which is related to weight per
unit length of fiber. was also inversely related 10.5/B except that the lowest seed
class had a low value. Length was not reiated 1o §/B except that the lower
category had the shortest length. It appeared that below a certain number of 5/B,
the strength of the boll as a sink was insufficient to provide for optimum growth.

Turner (unpublished data) determined corretation values for 8 cultivars at 67
or mote environments, When all cultivars were examined for trends, the results in
Table | were observed, These are generalizations concerning the direction of
change of seed paramcters as influenced by environment. Geneticists often use
correlation analyses of diverse genetic lines to predict changes that may occur
when selection pressure is placed on a given trait. A survey of a number of these
{Innes, 1974; Kearney, 1926; Quisenberry el f., 1973; Scholl and Miller., 1976,
Woodward and Malm, 1976) revealed that genetic or intrinsic correlations do not
differ greatly from the trends shown in Table [ (ot all results were in agree-
ment in every case, but generalizalions can be made),
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Figure 10, Influence of seed position in the lock on fiber length. From Porter
{1936).

The number of S/B is negatively related to most other seed paramcters. This is
understandable in terms of competition among seeds. The relationship of mean
length and S/B is uncertain, Turner Tound a high positive correlation but Ray
found no correlation. The available genelic correlations were aiso in disagree-
ment. All correlations show that STor weight per seed is positively associated with
fiber quality. Conditions which support good seed growth and development also
support fiber development. This may be an example of the parallel influence of
environment. Lint per seed {L/S) showed a negative correlation with micronaire
across environments, but Quisenberry et al. (1975) found a positive correlation in
his genetic material. Developmentally, a negative correlation would be expected.

Perhaps one of the more detailed studies of fiber interactions is that of Moore
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Table 1. Trends in correlation values for 8 cultivars grown under 67 or more
environments (location x years).

Mic. ML L/S S
S/B 0 + - -
S + + +

L/S — +

M.L. 0

(1941). He found that an increasing {iber population on the seed was associated
with fiber weight decreases, with the percentage of thin-walled fibers, and with a
decreasing fiber length. There was also a negative association of average fiber
length and the average fiber weight per inch.

Many of the interactions involved in fiber and sced yield per seed and boll are
not clear. [nformation of the parameter, fiber density (f/mm?), is lacking cven
though it is a basic yicld component: fiber yield/boll = wt/f x f/mm? x mm?/S x
S/B (Turner et af., 1979). Also, from this relationship, it is obvious that surface
area of the seed is important,

Surface area is rclated to secd volume, another parameter that may be impor-
tant, but whose contribution is unknown. What is the relationship of seed volume
developed during the enlarging stage upon kernel (embryo) weight that develops
during the accumulation stage? What is the relationship of the enlarging stage to
seed density?

A correlation between oil and protein in the cottonseed has been recognized for
many years (Pope and Ware, 1945). Hanny er al. (1978) cxamined seed oil and
seed protein across 39 genotypes and found a negative correlation. Turner et al.
(1976a) examined four cultivars grown at 17 locations across the Cotton Belt.
The correlation of percent protein with percent oil in the seed was -0.71 and
highly significant. When their data were expressed as grams (g} protgin vs, grams
{g) oil, the correlation was (.27 and non-significant. When oit and protein were
expressed as g/g seed, the correlations were +0.79** and +0.72**, respectively.
However, the regresston coefficient for oil was 0.29 but only 0.19 for protein. This
indicates that conditions which favor high seed weight will increase o1l more than
protcin.

Turner et af. {1976b) found that oil percentage was positively correlated to
micronaire. Developmentally, these two parameters occur simultaneously; there-
fore, the correlation s due to environment, The competitive interaction 15 not
known. However, Quisenberry (personal communication) reanalyzed data of
Gipson and Ray (1959b} and Gipson er af. (1969) and obtained estimates of the
differences between seed and fiber mass accumulation at different night tempera-
tures. The result is shown in Figurc 11, At low night temperature, more seed mass
accumulated than fiber mass. At high night temperature the reverse was truc. In
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this instance, it is clearly shown that environment can differentially change the
competitive balance between two coincidental processes.
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Figure L 1. Influence of night temperature on rate of mass accumulation by fibers
and by seeds. Graph courtesy of J. E. Quisenberry, data from Gipson et al.
{1969) and Gipson and Ray (1969a).

SUMMARY

The development of the cotten boli from flower induction 1o boll opening
involves a complex series of events that are interrelated either sequentially or
competitively. Each stage in the developmental sequence must reach a minimum
level of completion before the next stage begins. When two or more structures
develop simultaneously, they compete for the available photosynthate based on
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Table 2. Developmental events in relation to days before and after anthesis.

Age Events

-40 Floral stimulus

-32 Carpel and anther number established

-23 Ovule number established

-22 Pollen mother cell meiosis; “"Pin-head square”

-14 Megaspore mother cell meiosis

-7 Begin exponential expansion of corolla

-3 Begin fiber differentiation

0 Flower open; pollen shed, germinates; {iber initiation; K
accumulation in fiber

+1 Fertilization of egg and polar nuclei; division of primary endosperm
nucleus; zygote shrinks

+2 Liquid endosperm developing; fibers begin clongating; most dry
mass goes to fibers

+3-4 Zygote divides

+5-6 Ovule integument division stops; fuzz fibers initiated; globular
embryo dividing but not increasing in size; ovule enlargement stage
procecding rapidly; dry mass to inlernal parts increase

+12-13  Endosperm becomes cellular around embryo; palisade cells
elongate; embryo differentiation begins

+14-16  Secondary deposition in fibers, outer integument and palisade
begins; embryo elongating, accumulates Ca and Mg; fibers begin
slow accumulation of Ca, outer integument begins rapid weight
increasc

- 20 Endosperm completely cellular and at maximum weight; fiber
elongation slows rapidly; P translocated {rom fiber; embryo begins
accumulating protein; weight distribution about equal between
fiber and embryo

+25 Fiber elongation complete; bur weight maximum; cotyledons
complete; embryo maximum length; endosperm declining; oil
accumulation starts

+30-32  Embryo enters period of grand weight gain, endosperm nearly
depleted; maximum rate of cellulose deposition in fiber, oil and
protein in embryo; rapid P and K accumulation in embryo; fibers
begin losing K

+42 Dry weight of boll nearly maximum; some oil accumulation; fibers
lose Mg; cellulose deposition stops

+45-50  Internal changes in seed hormones and enzymes; seed coat hardens;

boll sutures dehisce in response 1o ethylene
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the genetic control but influenced by their previous developmental history and the
current environment.

In this paper I attempt to illustrate how the various parts of the seed are related
during their development and how environmental factors influence the develap-
ment of the cotton fruit. An abbreviated summary of the sequence of events from
flower induction to boll opening in relation to days before and after anthesis is
given in Table 2. Of course, the days are approximations and can change drasti-
cally with environment. Table 3 summarizes some of the critical periods during

Table 3. Developmental periods and events particularly sensitive to competition
or environmental factors.

Pcriod (Days) Event Factor
-40 to -35 Initiation of floral buds Temp., N, HOH
-351t0 -3 Carpel number, maybe
Anther number CHO
-25 to -22 Ovules/ovary CHO
Anther number R.H.
-19 to -15 Polien viability High temp.
R.H.
-2to 12 Fiber density (f/mm?) Temp, CHO
0 Anther dehiscence Temp, R.H.
Jw?i3 Rate of fiber initiation Temp., K
Pollen tube growth,
fertilization Temp.. R.H.
1 to 14 Boll abscission CHO, HOH
Jto 25 Fiber length, sced volume Temp., K
15 to 45 Fiber cellulose Temp.
2510 50 Protein and oil accumulation;
oil /protein ratio Temp., HOH,
N, K
49 1o 50 Boll opening Temp., R.H.

which an environmental stress can cause a measurable response in the develop-
ment of the flower or seed.

While much is known about the overall development of the cotton boll. less is
known of the specific effects of the environment on photosynthate partitioning.
Also, information is limited on the relationship between sink (boll) strength and
competition between elements (seeds, fibers, etc.) of the sink. For example,
demand increases sink strength so, theoretically, increasing seeds/boll should
increase sink strength of bolls. However, more seeds /boll is related to smaller seed
so competition is increased. Many such opposing effects probably occur during
development of the totai crop.
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The cotton fruit and seed is a unique biological system that can be used as a
model for many of the questions common to all of biology. For example, the
development of fibers could be used (or is used) as a model for differentiation, for
K transport, for cell extension and for cellulose synthesis; the seed could be used
(or is used) for seed development studies, carbohydrate utilization and partition-
ing and biochemical pathway analysis. Hopefully, the material presented in this
discussion will stimulate interest in the potential of cotton, both as a model plant
for basic research, and as a plant that still can be improved for economic gain.
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