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ABSTRACT OF DISSERTATION

CHEMICAL DESICCATION TOLERANCE AND NONSTRUCTURAL

CARBOHYDRATE DYNAMICS IN WINTER WHEAT

Winter wheat (Triticum aestivum L.) often experiences postanthesis
drought stress that causes crop yield and quality losses. Contact chemical
desiccants have been proposed as a means of identifying genotypes with
improved ability to support grain filling from stem nonstructural carbohydrates
(NSC) in the absence of photosynthesis during grain filling. Information on
genetic variation in stem NSC, and its remobilization to developing grains under
chemical desiccation, is therefore important. The objectives of this study were (1)
to characterize chemical desiccation response, dryland yield performance and
NSC concentration and remobilization of F,-derived lines and their parents, (2)
determine associations among chemical desiccation injury, dryland performance
and NSC measurements, and (3) estimate genotypic variance components of
agronomic traits and NSC measurements under chemical desiccation. Fa. 4 lines
developed from six crosses between seven parents with contrasting agronomic
traits were planted in a split plot with two replications in 1998 and 1999 under
irrigation at Fort Collins. Sodium chlorate (NaClO3, 2% W:V, 125 mL m™) was
applied to each subplot 15 d postanthesis. The same lines were also evaluated

at four dryland locations (Akron in 1998 and Burlington, Akron, and Walsh in
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1999) in a randomized complete block design with two replications. Yield injury
from chemical desiccation ranged from 13 to 37% among entries, with reductions
in both kernel weight (13 to 23%) and kernel number (8 to 32%). Significant
associations were observed between grain yield injury and both biomass injury (r
= 0.65, P<0.05) and control kernel weight (r = 0.57, P<0.05). Average
performance under dryland conditions was less than that observed under
chemical desiccation, although test weight was much less in the desiccated
treatment compared to the dryland treatment. Grain yield under dryland
conditions was not associated with either grain yield injury or kernel weight injury
under chemical desiccation. Significant genotypic variance was observed for
most traits examined, suggesting that progress in selection may be realized
within these populations. Inconsistency among entries for desiccation tolerance,
and the lack of correlation between desiccation tolerance and dryland
performance, suggest that additional research is necessary to identify strategies
and techniques to successfully exploit the chemical desiccation method for
applied wheat breeding programs. Nonstructural carbohydrate concentration was
determined from stem samplings made at 14 d postanthesis and at maturity in
both the control and desiccated subplots. Significant variation among entries was
observed for NSC concentration at postanthesis and maturity in both control and
desiccated treatments. Very little consistency among entries was observed for
NSC measurements across years. Stem NSC concentration at maturity was
lower under desiccation than in the control treatment, suggesting that chemical

desiccation reduced the source of NSC. Stem NSC concentration at postanthesis
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was positively correlated with NSC remobilization during grain filling in the
desiccated (r=0.90, P<0.001) treatment, suggesting that the size of the NSC pobl
available at the onset at grain filling is important for reserve remobilization. Most
correlations among grain yield and yield components, and variables related to
stem NSC were not significant. Genetic variance estimates indicated that
significant genetic variation for NSC concentration and remobilization was
present among the lines tested. Selection within populations that have high

genetic variance should provide progress to improve NSC parameters.

Teshome G. Mulat

Soil and Crop Sciences Department
Colorado State University

Fort Collins CO 80523

Spring 2004
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LITERATURE REVIEW

Wheat Developmental Stages

To understand the physiological and ecological aspects of wheat (Triticum
aestivum L.) yield it is necessary to study the physiology of crop development.
The effects of environmental factors on crop growth and yield differ depending
upon the developmental stages when these factors act (Fischer, 1985; Thorne
and Wood, 1987; Slafer et al., 1994a). Wheat plant development can be
described in different stages or phases, which in turn, can be defined in terms of
internal (physiological) or external (morphological and anatomical) changes.
However, crop development is a continuity of vegetative, reproductive, and grain
filling phases through which the crop initiates and grows its organs and
completes cycle. The duration of each phase and the number of primordia
initiated is determined by genetic and environmental factors, and their interaction

(Miralles and Slafer, 1999).

Several authors have described the wheat plant and its development.
Some of them have described morphological changes in the apical meristem
(Waddington et al., 1983; Gardner et al., 1985) while others have described
visible developmental growth stages (Large, 1954; Haun, 1973; Zadoks et al.,
1974). Delineation of development into distinct morphological stages allows

nondestructive identification of developmental progress but provides no
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information about the sequence and timing of events in the shoot apex when

development actually occurs (Miralles and Slafer, 1999).

Early vegetative growth, including initiation of roots, leaves, and stems,
occurs during the first stage between emergence and floral initiation. Both
genetic and environmental factors have been shown to affect the rate of leaf
appearance. Syme (1974) concluded that semidwarf wheat cultivars produce
leaves more quickly than standard height cultivars. Effects of environmental
conditions on rate of leaf appearance are evident when crops are grown at
different dates and locations (Baker et al., 1980; Kirby and Perry, 1987, Stappér
and Fischer, 1990). Winter wheat is sown in the fall and early vegetative growth
begins during cool, short days under relatively low radiation levels. This
vegetative growth is important to crop canopy development and maximization of
solar radiation interception. The relation between light interception and net
canopy assimilation depends on canopy architecture (Evans et al., 1975) and
leaf area index (LAI) (Hay and Walker, 1987). The LAl of a typical wheat canopy
reaches a peak prior to anthesis and declines with advancing maturity and
senescence (Evans et al., 1975). Maximum leaf area per culm is usually reached
prior to heading when the flag leaf becomes fully expanded (Simmons, 1987). In
many environments, many wheat crops have virtually unlimited resources at the
beginning of their growing seasons, however, growth rate increase, soil and
water resources becomes limiting, availability becomes limiting. Immediately after
resources become limiting, not all the tillers that were potentially expected to

appear do so. However, the rate of tiller appearance, though still positive,

2
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gradually decreases from that predicted from potential (Masle, 1985). The
availability of adequate resources becomes so limiting that no new tillers appear.
The resource is insufficient to maintain growth of all tillers and some die, in the
reverse order that they appeared. The rate of leaf production, rate and duration
of leaf expansion, extent of tillering, relative survival of tillers, and leaf duration
are all important in the development and maintenance of high LAl (Hay and

Walker, 1989).

The second growth stage is the period between floral initiation and
anthesis. Floral initiation is that point in development at which the shoot apex
begins initiation of floral components. Shortly after the initiation of spikelets, floret
initiation begins in the spikelets first initiated. Developments begin in lower region
of the middle one-third of the spike and continue upward and downward toward
both ends of the spike (Miralles and Slafer, 1999). Floret development begins in
the basal position of each spikelet and progresses from there toward the distal
position (Sibony and Pinthus, 1988). By the time of terminal spikelet initiation,
three to five florets are commonly initiated in the central spikelets of the spike.
This occurs in response to the inductive conditions of temperature followed by

increasing day length.

The timing of reproductive development in wheat is an important
determinant of grain yield (Evans et al., 1975). Early inflorescence development
leads to increased risk of frost injury while delayed development leads to
increased susceptibility to high temperatures or water stress during grain filling.

Initiation of the terminal spikelet marks the end of spikelet formation and after this

3
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time no environmental conditions affect spikelet number, although the number of

differentiated florets per spikelet may be affected (Evan et al., 1975).

The maximum number of floret primordia per spikelet normally ranges
between 6 and 12 (Sibony and Pinthus, 1988; Youssefian et al., 1992), mostly
depending on the spikelet position. Usually, only one to four florets complete their
development to produce fertile florets (Miralles and Slafer, 1999). The proportion
of florets that maintain a normal rate of development after onset of rapid spike
and stem growth is related to the availability of assimilates for the growing spike,
a function of crop growth during this period (Fischer, 1985; Thorne and Wood,

1987; Savin and Slafer, 1991).

The third major growth stage, the grain filling period, begins with anthesis
and ends with physiological maturity. The sequence of fertilization follows the
same pattern as spikelet differentiation and floret development across the spike
(Rawson and Evans, 1970). The proportion of fertile florets actually producing a
‘normal’ grain is usually less than 100 %, likely because of competition for
assimilates (Savin and Slafer, 1991). Grain filling can be further divided into three
distinct phases with respect to dry weight accumulation: an initial lag phase, a
period of linear growth, and a log phase (Simmons, 1987). The initial lag phase
occurs immediately after anthesis, lasting about 7 to 10 d after anthesis, and is
characterized by a period of rapid endosperm cell division and increasing
endosperm cell number. The number of endosperm cells formed by a kernel
ultimately influences its rate of growth and final weight (Brocklehurst, 1977; Singh

and Jenner, 1982, Hay and Walker, 1989). During this phase, which lasts for

4
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about 20 to 30 % of the total postanthesis period (Gebeyehou et al., 1982), most
of the endosperm cells are developed and the potential size of the grain is
defined. Endospermatic cell formation may continue during part of the
subsequent grain growth phase (Miralles and Slafer, 1999). The rate of
endosperm cell division and the final cell number are influenced by light intensity,
water stress, temperature, and genotype (Brocklehurst, 1977). The duration of
the linear phase growth period varies (depending on water stress, temperature,
and genotype), usually lasting for 2 to 4 weeks (Martinez-Carrasco and Thorne,
1979; Simmons and Crookston, 1979). Since most of the final weight of the
kernel is accumulated during this relatively brief period, it is not surprising that
the rate of growth during this time is closely associated with the final weight
achieved (Simmons and Crookston, 1979). Reductions in assimilate supply to
kernels may result in reduced growth, particularly if reduction occurs early in
development (Simmons et al., 1982). The growth and final weight of an individual
kernel depends on the spikelet and floret position at which it forms (Rawson and
Evans, 1970; Bremner, 1972). Kernels formed in the centrally positioned
spikelets and in the proximal florets within an individual spikelet are usually the
largest (Simmons, 1987). Decreased rates of grain filling occur during the log
phase resulting in grain yields asymptotically approaching their maximum unless
grain filling is terminated by an external factor, such as severe water stress
(Nicolas et al., 1984) or sudden heat shock (Savin et al., 1996). Final grain
weight at harvest is influenced both by the rate of grain growth during the linear

phase and duration of the linear phase of grain growth (Sofield et al., 1977).
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Drought Stress Effects on the Wheat Plant

Drought stress occurs when the amount and distribution or both of
precipitation or irrigation are sufficiently low to cause reduction in crop yield (Hale
and Orcutt, 1987). Water deficits occur in plants whenever atmospheric demand
exceeds the supply of water from the soil. Water stresses in plants develop as a
consequence of water loss from the leaf as the stomata open to allow the uptake
of CO, from the atmosphere for photosynthesis (Turner, 1986). Physical,
physiological, and biochemical effects of water stress depend of the degree and
timing of drought conditions in relation to the stage of plant development (Hale

and Orcutt, 1987).

The most common dryland cropping system in the Great Plains has been
the wheat-fallow rotation, where planting follows a fallow period for soil moisture
conservation (Dhuyvetter et al., 1996). Soil moisture stored during the fallow
period is often sufficient for pre-anthesis growth and development. The
unreliability of precipitation is the main reason that postanthesis drought stress
imposes a significant limitation on winter wheat production in the Great Plains.
Dhuyvetter et al. (1996) found that between 1991 and 1993, the harvested area
of dryland winter wheat in western Kansas, western Nebraska, and eastern

Colorado ranged from 2.5 to 2.9 million ha annually.

In a Mediterranean climate, winter cereals grow well during winter and
plants grow vigorously as soon as temperatures rise in spring. Precipitation is
stored in the soil, which supplies the spring and summer water requirements. Soil

water is often inadequate to meet crop water requirements towards maturity and

6
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crops suffer postanthesis water stress (Santibanez, 1994). Estimates suggest
that from 70 to 90 % of grain yield is derived from photo-assimilate produced
after anthesis (Austin et al., 1977; Bidinger et al., 1977). Water deficits and their
effect on physiological processes affecting yield can be examined in terms of
their effects on photosynthesis, stomata behavior, respiration and
photorespiration, and translocation of assimilate (Begg and Turner, 1976). Grain
growth in wheat depends on carbon from three sources: current assimilation,
remobilization of assimilates stored in the stem and other plant parts prior to
anthesis, and remobilzation of assimilates stored temporarily in the stem after

anthesis (Kobata et al., 1992).

Current Photosynthate During Grain Filling

Photosynthesis in plants is reduced under water stress both by reduction
in total photosynthetic surface area and by reduction in the rate of photosynthesis
per unit area (Fischer, 1973). Reduction of surface area at any stage of the life
cycle in wheat, due to reduced cell expansion or cellular division, early
senescence, or reduced meristematic initiation, limits photosynthesis, the major
source of carbohydrates during grain filling (Fischer, 1973). Judging by the
relative photosynthetic activity of various organs during grain filling, the flag leaf
blade and spike likely contribute the greatest quantities of photo-assimilate to the
grain, with the flag leaf blade responsible for as much as 50 % of the canopy
photo-assimilate during early- and mid-grain filling (Rawson et al., 1983). Stem
and leaf sheaths account for 39 to 44 % of the canopy photosynthesis in wheat

crops (Puckridge, 1969). Toward the end of grain filling, stem and spike
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photosynthesis can become the major sources of current photo-assimilate since
they tend to remain green after many of the leaves have senesced (Spiertz et al.,
1971). During this latter period of grain filling, 20 % of the grain carbohydrate

may be supplied by spike photosynthesis (Evans et al., 1975).

The importance of maintaining photosynthetic capacity in the upper leaf
blades, sheaths and spike is evident (Evans and Rawson, 1970). Awns can
substantially increase spike photosynthetic rate (Evans and Rawson, 1970;
Teare et al., 1972). Awns may also be neutral or negative in more humid

conditions (McKenzie, 1972).

For winter or spring wheat, the main shoot and early tillers are most likely
to complete development and form grain (Simmons, 1987). Late formed tillers
often senesce prematurely in a dryland crop environment. Tillers destined to
senesce may translocate a portion of their current photo-assimilate directly to
surviving shoots before visible signs of senescence are apparent. Despite their
potential resource contributions, unproductive tillers may be undesirable
(Rawson and Donald, 1969). However, Kobata et al. (1992) found that
unproductive tillers provide a source of dry matter for grain filling. Not only is
grain filling on the main stem and earliest tillers supported from pre-anthesis
assimilates stored in the individual tillers, it is also supported by transfer of dry
matter from late formed tillers, even though these late formed tillers may be fertile

and set seed.
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Austin (1992) indicated that to achieve higher yields it would be necessary
to increase leaf photosynthesis. This may be done by increasing radiation
interception by the crop during the growing season although this may be
dependent on incident radiation and the ability of the crop to intercept it (Slafer et
al., 1999). As the main intercepting organs are leaf laminae, the obvious
characteristic of interest is LAIl. This opportunity exists only when LAl is below
critical levels. Under less favorable environments where soil water may be limited
or there is a short growing season, rapid early growth of the crop may be critical
to promote better performance (Richards, 1996a, 1996b). The possibility of
increasing leaf photosynthesis has received considerable attention. The rationale
for this research has been that, as almost all dry matter is produced by leaf
photosynthesis, it would be expected that increasing this rate would confer
greater biomass and yield. It has been reported in wheat that wild, low yielding
related species have higher photosynthetic rates than modern, high yielding
cultivars (Austin et al., 1982; Johnson et al., 1978; Carver et al., 1989). Deckerd
et al. (1985) found no increase in the level of interception of incoming radiation
among cultivars and no consistent changes in leaf area between old and new

cultivars.

Photorespiration and respiration are affected by water deficits, generally
declining with increased level of water stress (Hay and Walker, 1989). Although
photorespiration decreases with increasing stress, there is evidence that it

_declines less than gross photosynthesis, and thus the ratio of photorespiration to

gross photosynthesis increases with increasing levels of stress. Together with
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the inhibitory effect of Calvin cycle enzymes, this increase in photorespiration
relative to gross photosynthesis leads to decreased photosynthetic efficiency and

a greater nonstomatal limitation to photosynthesis (Hay and Walker, 1987).

Most dry matter contributing to grain yield is newly assimilated during
grain filling. When drought stress occurs, however, current photo-assimilate
supplies are reduced and plants must increasingly rely on previously stored
assimilate for grain filling (Gallagher et al., 1976). Bidinger et al. (1977) estimated
that 13 % of grain yield in a well-watered wheat crop could be attributed to
remobilization of assimilates stored pre-anthesis. The contribution increased to
27% under postanthesis drought stress conditions. Wardlaw (1967) studied
photosynthesis under water stress and its subsequent effects on carbohydrate
translocation and grain growth. He found that water stress reduced flag leaf
photosynthesis which was not the result of either failure to utilize assimilates or a
failure to move assimilates through conducting tissue. The effect of water stress
was to delay and reduce the transfer of sugars from the assimilating tissue to the
conducting tissue (Bidinger et al., 1977). Kobata et al. (1992) demonstrated that
grain filling of wheat, which is affected by a high rate of water deficit
development, is maintained above that expected from postanthesis dry matter
accumulation because remobilization of assimilates to the grain continued
despite a reduction in carbon assimilation. In their study, the authors suggested
that carbon assimilation, and hence dry matter production, is more affected than
remobilization during postanthesis water deficits. Palta et al. (1994) estimated

that between anthesis and grain maturity, '*C remobilized to the grain was 35 %

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



higher in plants growing under rapidly developing water deficits than plants

growing under slow-developing water deficits.

Nonstructural Carbohydrates

Photosynthetic activity of wheat flag leaves decreases rapidly when the
developing grain reaches about half its final size. After that time, remobilization
and spike photosynthesis are the main sources of carbohydrate for grain filling
(Wardlaw and Porter, 1967; Hunt, 1978, Frederick, 1997). Stems of cereal
grains, including wheat, accumulate non-structural carbohydrates (NSCs) near
anthesis, and they nearly disappear by maturity (McCaig and Clarke, 1982;
Frederick and Bauer, 1999). These NSCs are mainly in the form of
oligosaccharides and fructans, both short chain carbohydrates (McCaig and
Clarke, 1982). Fructans, the most abundant stem NSC component, account for |
up to two-thirds of total NSC and almost one-third of the stem dry weight at

anthesis (McCaig and Clark, 1982; Hendrix et al., 1986).

Hunt (1978) reported that winter wheat cultivars showed an increase in
stem weight for 14 to 21 d after spike emergence. NSCs have been the major
chemical component associated with these changes in stem dry weight during
grain filling (Wardlaw, 1968; Evans and Rawson, 1970; Rawson and Evans,
1971). Assimilate supply for grain growth comes from photosynthesis after
anthesis, and NSCs assimilated near anthesis are temporarily stored before
being moved to the grain (Gallagher et al., 1976). Wardlaw and Porter (1967)
showed that NSCs stored in the stem (mostly in the top two internodes) prior to

anthesis were distributed to developing grains and, for the most part, not lost in

11
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respiration. Stem dry weight decreases during grain filling have been positively
correlated with NSC remobilization to the grain (Rawson and Evans, 1971; Austin

etal., 1977).

Wheat stems act as temporary storage organs for NSCs to correct a
phase difference between the time of maximum photosynthate production by the
plant and the time of maximum requirement for carbohydrate by the developing
grain (McCaig and Clarke, 1982; Frederick and Bauer, 1999). In the absence of
stress, the amount of storage appears to be unrelated to yield (Asana and Basu,
1963; Rawson and Evans 1971; Hossain et al., 1990; Borrel et al., 1993). There
is good evidence, however, that suggests that temporary NSC storage is very
important under stress conditions (Bidinger et al., 1977; Aggrawal and Sinha,
1984). Slafer et al. (1994b) reported that pre-anthesis shading greatly reduced
the number of grains from about 15,000 m to less than 7,000 m™ through
reductions in both number of spikes m?2 and number of grains spike™. Under
drought conditions, wheat yields may be more dependent on total photosynthate
accumulation than photosynthesis during grain fill, since photosynthesis is much
more sensitive to low water status than the phloem conducting system which
remains functional (Wardlaw, 1967; Slayter, 1969; Hsiao, 1973). In plants with
determinate growth habit, essentially all vegetative growth is completed at
flowering. As seeds enlarge, not only is current photosynthate partitioned into
productive parts, but also, depending on circumstances, stored materials are

remobilized (Hendrix, 1995). The early studies of Archbold (1942) on barley
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(Hordeum vulgare L.), however, cast some doubt on the importance of stem

reserves as a source of grain carbon.

The accumulation of carbohydrate reserves appears to confer an
evolutionary advantage, serving as a source of carbohydrate to maintain grain
filling during periods of drought stress (Gallagher et al., 1976; Kiniry, 1993). Total
stem NSCs at anthesis were shown to vary from 50 to 350 g kg™ dry mass in
different experiments (Asana and Basu, 1963; McCaig and Clarke, 1982;
Davison and Chevalier, 1992; Kiniry, 1993). Gallagher et al. (1976) studied grain
growth patterns of field grown winter wheat under drought stressed and
nonstressed conditions. In their study, the fraction of final grain weight derived
from translocation of materials assimilated before anthesis was greater when

conditions during grain filling were adverse for photosynthesis.

Other reports have addressed the relative NSC contribution to grain filling
under conditions adverse to current photosynthesis. Austin et al. (1977), using
barley crosses between single dwarf parents containing different, nonallelic
dwarfing genes, found that the contribution of pre-anthesis assimilates differed
between two years studied, 44% in a very hot, dry year but only 11% in a wetter,
cooler year. In their experiment, differences among genotypes in the relative
NSC contribution to grain filling were not attributable to differences in plant
height. Similar findings relative to the influence of plant height were reported by
Rawson and Evans (1971). However, Pheloung and Siddique (1991) reported
that under dry conditions a modern, semidwarf cultivar utilized more stem NSCs

than a modern, tall cultivar. Various authors have studied the effects of dwarfing
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genes in wheat (Fischer and Stockman, 1986; Slafer and Andrade, 1993;
Miralles and Slafer, 1995), and concluded that dwarfing genes increased the
weight of spike tissue at anthesis as a proportion of the total above ground

weight.

Aggarwal and Sinha (1984) reported that a drought tolerant cultivar
mobilized greater NSCs than a drought susceptible cultivar and that contribution
of NSCs was greater for both cultivars under non-irrigated than under irrigated
conditions. Pheloung and Siddique (1991) also reported that the NSC
contribution to grain filling was greater under non-irrigated conditions than under

irrigated conditions.

Postanthesis Water Stress

In wheat, the more severe the water stress at any development stage, or
the later in development a stress is applied, the greater the loss of photosynthetic
area which is the major carbohydrate source at grain filling (Fischer, 1973). In
winter wheat, grain yield is determined by final grain weight, which is dependent
on grain filling, and by the number of kernels per unit area, or sink size
(Gallagher et al., 1975a; Shanahan et al., 1984). Variability in the number of
grains set per ear between wheat cultivars results in a more extensive difference
in growth rate per ear than growth rate per grain (Sofield et al., 1977). Modern
cultivars possess heavier spikes at anthesis than older cultivars due to their
improved capacity for partitioning dry matter during the pre-anthesis period of

reproductive development (Slafer et al., 1994b).
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The rapid terminal senescence of determinate plants such as the cereals
can be assigned, at least in part, to the mobilization of carbohydrate reserves into
the developing grain. This pattern of mobilization is accentuated by stress. If for
some reason the photosynthetic source remains active during grain filling, the
export stem reserves are reduced (Blum, 1988). Almost all the crop dry weight
increase in wheat and barley after anthesis can be attributed to grain fill (Slayter,

1969; Gallagher et al., 1975b).

Diverse environmental factors affect both the rate and duration of grain
growth in wheat. Assimilate storage does not influence the duration of grain
growth (Gallagher et al., 1976). Grain growth rates were increased by more
spikelets or grains per spike (Rawson et al., 1983) and decreased by low light
levels (Sofield et al., 1977). By far the most important factor influencing grain
growth is a dry and hot environment, causing a reduction in the duration of linear
growth (Gallagher et al., 1976; Sofield et al., 1977); the rate and duration grain
growth may be compensatory if these climatic parameters are not extreme

(Gallagher et al., 1976).

Cultivars with high kernel weight under normal water status may
experience greater kernel weight reductions under water stress. Cultivars with
high kernel weights are often those with fewer kernels per spike (Blum et al.,
1983b), low numbers of spikes per unit area (Shanahan et al., 1984), and early
anthesis dates (Blum et al., 1983a). In many cases, if total dry matter production

exceeds grain fill requirements, as is often the case in nonstress environments,

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



stem weight rather than grain weight will increase (Slayter, 1969; Gallagher et al.,

1975b).

Examination of excised wheat grains has shown that because of
increased exposure of cells to diffusional influx of sugars through expanded free
endosperm space, sucrose concentrations rise with advancing grain age and
eventually decline with maturity (Jenner and Rathjen, 1975). These findings
suggest that grain filling duration may not be limited by assimilate availability
during grain filling under nonstressed conditions (Jenner and Rathjen, 1975;
Rawson and Evans, 1971; Sofield et al., 1977). Since about 70 % of the dry
weight of wheat grain is starch, the cessation of starch accumulation and hence
grain growth may be limited by the inhibited enzymatic conversion of sugars to
starch in developing wheat grains (Jenner and Rathjen, 1975). High air
temperatures under water stress may also prematurely affect those changes

(Gallagher et al., 1976).

In greenhouse studies, Barlow et al. (1980) showed that with moderate
water stress applied to the wheat plant 10 d after anthesis, the water potential of
flag leaves, rachis, and glumes dropped after 4 d with grain water potential
remaining constant. This resistance to water and osmotic potential changed
when other tissues were affected and may be attributed to anatomical and
morphological barriers to water loss from wheat grains. These include the
lemma, palea, and glumes, partially discontinued by thick walled cells of the
xylem tissue to grain, and stress induced lipid deposition in the chalaza zone,

which separates the grain from surrounding tissues (Barlow et al., 1980). Since
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reduced photosynthesis was caused by sink size reduction (Rawson et al., 1983;
Slayter, 1969), and because dryland wheat crops may produce more assimilate
than can be used by the grain (Shanahan et al., 1984), it has been suggested

that yield may be sink-limited.

At 14 d postanthesis, wheat spikes appear to be the major sink for photo-
assimilates (Rawson and Evans, 1971). At this time, 78 to 82 % of the CO,
requirement is needed for dry weight increase, the rest accounting for dark and
photorespiration losses (Evan and Rawson, 1970). The sources of the assimilate
are carbohydrates produced and stored before anthesis and postanthesis
(current) photosynthesis (Gallagher et al., 1975b; Gallagher et al., 1976). The
relative contribution of these sources is determined by photosynthetic area, the
active life span of photosynthetic area at spike emergence, and the active life
span and the efficiency of photosynthetic tissue after spike emergence (Fischer,
1973). Once final grain number per spike has been determined, these two
sources must supply sufficient carbohydrates if maximum grain weight is to be
achieved (Gallagher et al., 1975b). Under non-water stressed conditions, post
anthesis spike and leaf photosynthesis, which peak during rapid grain growth
(Rawson and Evans, 1971), meet and often surpass the demands of grain during
the linear phase of grain growth in most cultivars. Exceptions were one awnless
type (Evans and Rawson, 1970) and another exhibiting extremely rapid grain
growth, both of which required alternate assimilate sources (Rawson and Evans,
1971). The availability of stored assimilate that can be remobilized for grain filling

may act as a buffer to grain yield loss under sub-optimal growth conditions, such
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as occurs under postanthesis drought (Gallagher et al., 1975b, 1976, Bidinger et

al., 1977).

Under drought stress, grain yield is lowered because wilting leaves retain
up to 50 % more photosynthate during rapid grain fill (Wardlaw, 1967; Slayter,
1969; McCaig and Clarke, 1982), perhaps due to reduced cell permeability,
which subsequently reduces photosynthesis further (Wardlaw, 1967). However,
drought stress does not affect the rate of photosynthesis in green tissue (Fischer,
1973). There is little subsequent compensation for postanthesis reduct