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Photosynthesis at low water potentials
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B

Low leaf water potentials result in large reductions in photosynthesis. In higher
plants, the reductions are caused both by decreases in the photosynthetic activity
of a unit of leaf and in the production of new leaf surface. Photosynthetic activity de-
clines because of decreased stomatal opening and the inhibition of chloroplast
activity, either of which may control photosynthesis depending on which is more limit-
ing at low leaf water potentials. The production of new leaf area is highly sensitive to
water deficits and is usually reduced before photosynthetic activity decreases. This
may be attributed to the high responsiveness of leaf enlargement to turgor, which
expands the cells. When low leaf water potentials are prolonged, leaf senescence often
occurs and the quantity of existing leaf area may decline.

There is evidence that translocation is less sensitive than photosynthesis to low leaf
water potentials. Consequently, grain yield, which depends on both photosynthesis
and translocation, is more likely to be limited by photosynthesis than translocation.
Since substantial translocation to the grain may occur from parts of the plant other
than the leaves during desiccation, the total photosynthate accumulated during the
growing season is more important than that produced during the grain-filling period
alone when plants have had low water potentials.
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INTRODUCTION

In this review, I will discuss the effects of low water potentials on the photosynthesis of higher
plants. Because of the wide nature of the subject, allied topics such as the effects of desiccation
on lower plants or the effects of osmotica will not be treated, although they may be important
in themselves and often are significant for agriculture.

Drought is probably the most inhibitory unpredictable aspect of the environment encountered
by a plant during its life cycle. Agricultural production may be reduced virtually to zero during a
prolonged spell without water, and native vegetation may show extreme adaptations for protec-
tion against drought. At one point in the life cycle, the adaptation to drought becomes a common
problem for all seed-bearing plants, since the protection of the embryo against the lethal effects
of desiccation during seed maturation and dormancy is essential for the propagation of species.

Unfortunately, the metabolic events that lead to these inhibitions and adaptations are
relatively unknown and most attempts to study drought-induced changes in metabolism have

involved descriptions of the events rather than analyses of their molecular control (see Hsiao
1973 for a recent review). One of them, the drought-induced change in photosynthesis, has
been shown to be particularly dramatic, and much interest in the subject has occurred because
of the obvious importance of photosynthesis for agricultural production.

EFFECTS OF LOW WATER POTENTIALS ON PHOTOSYNTHETIC ACTIVITY
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Probably the first to describe desiccation effects on photosynthetic activity was Kreusler
(1885). By the time Pfeffer (1900) wrote his extensive treatise on plant physiology, therefore,
he was able to say ‘A slight diminution of turgidity sufficient to close the stomata will render
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the absorption of carbon dioxide extremely difficult, and hence may markedly diminish the
assimilatory activity. ..’. Nevertheless, only a few studies were published during the 50 years
after the work of Kreusler (1885), and consequently Pfeffer (1goo) and those reviewers that
followed (cf. Miller 1938) had little to go on.

Virtually all the work that was done in the first half of this century agrees that even modest
desiccation can have large inhibitory effects on photosynthetic activity (Thoday 1910; Iljin
1923; Brilliant 1924 ; Dastur 1924, 1925; Wood 1929; Heinicke & Childers 1935; Schneider &
Childers 1941; Allmendinger, Kenworthy & Overholser 1943; Verduin & Loomis 1944;
Loustalot 1945; Simonis 1947, 1952; Kozlowski 1949; Scarth & Shaw 1951; Bormann 1953;
Bourdeau 1954; Upchurch, Peterson & Hagan 1955; Ashton 1956). There was little agreement
about the role of the stomata, however, since most of these workers did not follow stomatal
behaviour, and those that made the attempt (Thoday 19ro; Heinicke & Childers 1935;
Schneider & Childers 1941; Verduin & Loomis 1944 ; Loustalot 1945; Kozlowski 1949; Scarth
& Shaw 1951) frequently monitored transpiration rather than stomatal behaviour. Stomatal
closure and transpiration were often uncorrelated with photosynthesis, particularly during the
early phases of desiccation. Indeed, Scarth & Shaw (1951) considered reductions in photo-
synthesis to cause initial changes in stomatal aperture rather than the reverse.

Recent work that measured photosynthesis as a function of leaf water status has confirmed
the inhibition of the process, although stomatal measurements were not made (El-Sharkawy &
Hesketh 1964 ; Strain 1970; Chen, Mederski & Curry 1971 ; Ghorashy ¢t al. 1971 ; Bazzaz, Paape
& Boggess 1972; Oechel, Strain & Odening 1972; Beardsell, Mitchell & Thomas 1973; Bazzaz
1974).

With the publication by Gaastra (1959) of a means of quantifying stomatal resistances by
relatively simple measurements, the techniques and measurement parameters for following
stomatal changes became more commonly understood. Soon after, a number of studies were
done that attempted to quantify the stomatal contribution to photosynthetic inhibition during
desiccation. Shimshi (1963) showed that stomatal apertures were reduced but concluded that
a nonstomatal factor also limited photosynthesis at low soil moisture levels. Gale, Kohl & Hagan
(1966) provided evidence of a similar sort and suggested that the so-called mesophyll resistance,
which Gaastra (1959) introduced to account for nonstomatal effects of CO, diffusion within
the leaf on photosynthesis, probably increased during desiccation. Similar conclusions were
reached by Troughton (1969), Boyer (19704) and Hansen (1971) using the analysis of Gaastra
(1959). Moldau (1972) and Slatyer (1973), with similar measurements, concluded that stomata
may account for much of the limitation of photosynthesis, however.

Others correlated the rate of transpiration or the diffusive resistance to water loss with the
rate of photosynthesis by the leaves at low water potentials (Brix 1962; Baker & Musgrave 1964;
Willis & Balasubramaniam 1968; Driessche, Conner & Turnstall 1971; Kriedemann & Smart
1971; Beadle ¢t al. 1973; Frank, Power & Willis 1973; Harris 1973; Johnson, Frey & Moss
1974; Regehr, Bazzaz & Boggess 1975; O’Toole 1975). Two of these are notable for the high
resolution which their measurements provided. Brix (1962) showed an almost perfect corres-
pondence between transpiration and photosynthesis as leaf water potentials changed. Willis
& Balasubramaniam (1968) showed a similar phenomenon, although close inspection of their
data reveals significant changes in leaf diffusive resistances before changes in photosynthesis
occurred during the early parts of desiccation and recovery. Both papers stated that the stomata
are likely to exert the major control over photosynthesis at low leaf water potentials.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

PHOTOSYNTHESIS AT LOW WATER POTENTIALS 503

Barrs (1968) used an interesting approach by studying photosynthesis and transpiration when
the stomata had been induced to cycle. The correspondence between photosynthesis and
transpiration was close in leaves of cotton, pepper, and sunflower and he concluded that the
stomata accounted for virtually all the effects of desiccation on photosynthesis. The mesophyll,
or nonstomatal, resistance was therefore considered to be negligible. Unfortunately, he did not
measure leaf temperature, and the correlation between transpiration and photosynthesis could
have represented enzymatic control just as well as stomatal control of photosynthesis.

Regardless of the exact mechanism controlling photosynthesis and transpiration, the bulk
of the measurements clearly show that the two are correlated in desiccated tissue. There are
a few exceptions, particularly during the early phases of desiccation and recovery, but across
a wide range of desiccation levels, the correlation has been amply documented. The correlation
can be useful for those wishing to estimate the photosynthetic capability of crops indirectly
from measurements of transpiration or from the diffusive resistances of the stomata. Indeed,
the data suggest that modellers and meteorologists who are able to estimate transpiration from
physical inputs may also be able to estimate many desiccation effects on photosynthesis, at
least by taking certain precautions and using certain controls.

Nevertheless, in spite of its potential usefulness, the parallelism between photosynthesis and
transpiration remains only a correlation, and one with several bothersome exceptions. In order
for stomatal closure to have an effect on both transpiration and photosynthesis, photosynthesis
must be limited at least partially by the rate of CO, diffusion through the stomata. Then, and
only then, will closure of the stomata actually cause a decrease in the rate of photosynthesis.
With the exception of the initial experiments of Gaastra (1959), none of the work cited heretofore
has shown that CO, actually limited the rate of photosynthesis under all the conditions of the
experiments. Thus, it is possible that the correlation between transpiration and photosynthesis
was often fortuitous and those instances where there were exceptions provide evidence that
stomatal closure may not have completely controlled photosynthesis. As a result, the con-
clusions regarding the stomatal contribution to the photosynthetic inhibition by drought need
re-evaluation.

There are a few recent papers that address this problem more broadly. Wardlaw (1967)
showed that in dim light, photosynthesis continued to be inhibited in desiccated wheat. Since
photosynthesis is most likely to be limited by light rather than CO, under these conditions, one
would expect the inhibitory effects of desiccation to disappear if only stomatal effects were
involved. Unfortunately, stomatal behaviour was not monitored in this work. Boyer & Bowen
(1970) did a more extensive study of leaf photosynthesis in dim light and were able to show
a large response to low leaf water potentials even though photosynthesis was proportional to
light intensity, and clearly was limited by light and not CO,. These results can be explained only
by an alteration at the chloroplast level.

In another study, Boyer (1971a) showed that the response of photosynthesis to CO,
(200-400 cm®/m?® in the external air) was undetectable under low light and also was lacking
under high light in desiccated leaves of sunflower. He monitored the diffusive resistance of the
stomata and showed that the stomata could not account for the effects he saw. Furthermore,
photosynthesis remained inhibited under limiting light intensities. The response of light-limited
photosynthesis was as large as that of the changes in the diffusive resistance of the stomata during
desiccation and therefore could have permitted large nonstomatal effects on photosynthesis.

Troughton & Slatyer (1969), in an excellent study, recognized the complicating effects of
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stomatal diffusion and circumvented them by forcing air directly through the leaves of cotton.
They worked at low O, concentrations (to reduce respiration effects) and low CO, levels (which
assured GO, limitation of photosynthesis) and were able to detect no response of photosyn-
thesis to desiccation. Nevertheless, by working at low CO, concentrations (100 cm3/m?® and
less), they could have overlooked biochemical effects on photosynthesis that would appear at
more normal CO, concentrations.

Redshaw & Meidner (1972) did a similar experiment but at higher CO, concentrations
(average = 240 cm®/m?®) and found large effects on net photosynthesis in tobacco. These
workers did not inhibit respiration, however,

Using another approach, Graziani & Livne (1971) stripped the epidermis from tobacco
leaves. During severe desiccation, the leaves showed a considerable loss in photosynthetic activity.

It therefore seems that there may be nonstomatal effects on photosynthesis in addition to the
stomatal effects at low leaf water potentials. With the exception of the work of Troughton
& Slatyer (1969), who used conditions that might have caused them to overlook certain kinds
of nonstomatal effects, all these recent studies demonstrated significant and quite large changes
in photosynthetic activity that could not be attributed to stomatal closure.

In view of the in vivo evidence for the nonstomatal effects of low leaf water potentials, it is
logical to expect that chloroplast changes might occur at the same time as the stomata closed
at low leaf water potentials. Some calculations of chloroplast Hill activity on a chlorophyll
basis from the data of Todd & Basler (1965) show that Hill activity was reduced in chloroplasts
isolated from severely wilted leaves. Nir & Poljakoff-Mayber (1967) and Fry (1970) showed
the same phenomenon in chloroplasts from severely desiccated leaves. Chloroplasts severely
desiccated w vitro had lower Hill activity than non-desiccated chloroplasts (Santarius & Heber
1967). Santarius (1967) showed a decrease in the ATP and NADPH contents of severely desic-
cated tissue, and Wilson & Huffaker (1964) demonstrated a decline in phosphorylated inter-
mediates during desiccation, although the quantity of inorganic phosphate remained stable.

Since most of this work involved desiccation that was apparently severe, it was not clear
whether the subcellular changes were correlated with the effects of moderately low water
potentials or merely reflected the large changes that would be expected as the cells became
irreversibly damaged.

In an effort to answer this question, Boyer & Bowen (1970) assayed for oxygen evolution in
chloroplasts isolated from sunflower leaves having a wide range of water potentials. Oxygen
evolution (which later was identified to be a measure of photosystem 2 activity (Potter & Boyer
1973, Keck & Boyer 1974)) decreased as soon as photosynthesis in the whole leaves began to be
affected. Over the entire range of leaf water potentials, there was a correlation between chloro-
plast activity and photosynthesis that was as strong as that for transpiration rate or stomatal
aperture (Boyer & Bowen 1970). A demonstration that leaf photosynthesis under light-
limited conditions was inhibited by about the same amount as chloroplast photosystem 2 (one
of the ‘light-reactions’) suggested that the changes in isolated chloroplasts were also occurring
in vivo (Boyer & Bowen 1970).

Subsequently, Keck & Boyer (1974) explored the extent to which other partial reactions of
photosynthesis were inhibited in isolated chloroplasts. Photosystems 1 and 2, whole chain
electron transport, and cyclic and noncyclic photophosphorylation were inhibited when chloro-
plasts were isolated from leaves having low water potentials and assayed under conditions
that were identical for all treatments. Therefore, desiccation of the tissue before isolation had
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caused chloroplast changes that could be detected after isolation. Since the effects on electron
transport appeared in chloroplasts from tissue having water potentials that corresponded to
those causing effects on photosynthesis iz vivo, these workers suggested that an inhibition of
electron transport is probably important during early desiccation. Since decreases in photo-
phosphorylation became severe at very low leaf water potentials, they suggested that the low
activity of photophosphorylation may be more important than that of electron transport during
extreme desiccation.

In addition to the effects of low leaf water potentials on the photochemical portion of photo-
synthesis, there also are changes in some of the enzymes of the ‘dark’ reactions. Ribulose 1,5-
diphosphate carboxylase activity is reduced when assays are performed on extracts from
desiccated leaves (Huffaker, Radin, Kleinkopf & Cox 1970; Jones 1973; Lee, Campbell &
Paulsen 1974; Johnson e al. 1974; O’Toole 1975). When the inhibition is compared with the
inhibition of photosynthesis in vivo, however, none of these studies demonstrated an effect large
enough to account completely for the inhibition of photosynthesis in the intact leaf (Jones 1973;
Lee et al. 1974; Johnson et al. 1974; O’Toole 1975). Phosphoenolpyruvate carboxylase and
ribulose-5-phosphate kinase also showed too little change to be completely limiting (Huffaker
et al. 1970; Shearman, Eastin, Sullivan & Kinbacher 1972). Plaut (1971) found little effect of
high sorbitol concentrations on extracted ribulose 1,5-diphosphate carboxylase and ribulose
5-phosphate kinase, although he observed an inhibition when the assays were conducted in
isolated but intact chloroplasts. Unfortunately, the assays in the intact plastids were dependent
on endogenous ATP, and a decrease in photophosphorylation (Keck & Boyer 1974) could
have accounted for his results, a problem he recognized (Plaut 1971). Plaut & Bravdo (1973)
could show an inhibition of CO, fixation in chloroplasts isolated {rom intact leaves.

Taken together, the chloroplast and low leaf studies show that the inhibition of photosynthesis
by low leaf water potentials involves both stomatal and chloroplast effects occurring simul-
taneously. Rates of photosynthesis apparently may be limited by one or the other or perhaps
by a combination of both according to the conditions and the particular species involved. In
general, stomatal effects are likely to be important in bright light, since there is a large CO, flux
to the chloroplasts. Carboxylation activities are unlikely to affect photosynthesis to a large
degree under these conditions. As radiation decreases, chloroplast effects should become in-
creasingly predominant, however. Photochemical aspects of chloroplast activity would
probably be quite important, since there are such large changes in the partial reactions of the
‘light’ portion of photosynthesis. The exact radiation levels at which they would become
important would depend on how severe the reduction in photochemical activity is relative to
that for the stomata or other factors.

Extensive measurements show that desiccation affects the rate of dark respiration (Schneider
& Childers 1941; Upchurch ¢t al. 1955; Brix 1962; Kaul 1966; Flowers & Hanson 1969;
Boyer 1970b; Bell, Koeppe & Miller 1971; Miller, Bell & Koeppe 1971; Koeppe, Miller &
Bell 1973). In certain cases, desiccation causes an initial rise in the rate of respiration
(Schneider & Childers 1941 ; Upchurchetal. 1955; Brix 1962 ; Kaul 1966), and in principle, the rise
in respiration could cause a decrease in net photosynthesis. However, the rise is small and
ultimately a decline occurs. In many species only a decline is observed. Therefore, a rise in dark
respiration at low leaf water potentials is unlikely to account for decreases in net photosynthesis.

Light-induced respiration or photorespiration appears to decrease as leaf water potentials
decrease (Boyer 19714). Thus, it too is unlikely to account for decreases in net photosynthesis.
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Most of these conclusions are based on experiments done by withholding water from the
soil. By comparison, there is relatively little work on the reverse — the recovery of desiccated
plants after resupplying water to the soil. Brix (1962) showed that the recovery of photosynthe-
sis and transpiration followed similar kinetics, and the recovery time could be decreased if the
plant roots were excised under water. Willis & Balasubramaniam (1968) also showed a general
correspondence between photosynthesis and transpiration during recovery. Boyer (19715)
found that rates of photosynthesis often did not return immediately to control levels even though
leaf water potentials did, and after-effects of desiccation could be seen several days later, par-
ticularly in tissue that was mature during desiccation. The photochemical activity of the chloro-
plasts recovered readily under these conditions (Boyer 19714; Potter & Boyer 1973) but the
stomata frequently did not open fully in spite of leaf water potentials that had returned to con-
trol levels (Boyer 19714).

The recovery experiments shed no new light on how photosynthesis is limited by desiccation
but they suggest that the chloroplast changes are reasonably reversible, at least by comparison
with the stomatal changes. If anything, then, it would appear that a period of exposure to low
leaf water potentials causes photosynthesis to be subsequently more limited by stomatal diffu-
sion. The end result is a tendency for water use per unit photosynthesis to be less after recovery
than before low water potentials occur.

EFFECTS OF LOW WATER POTENTIALS ON LEAF PRODUCTION

The production of leaves represents the production of photosynthetic surface for most plants.
As a result, it is an important contributor to photosynthesis on a whole plant basis. As leaf water
potentials decrease, leaf production is reduced because of effects on leaf initiation occurring
in the meristem and effects on cell enlargement. The rate of leaf initiation may become slower
or cease altogether (Husain & Aspinall 1970) and there is evidence that cell division may be
reduced (Terry, Waldron & Ulrich 1971; Kirkham, Gardner & Gerloff 1972 ; Meyer & Boyer
1972; McCree & Davis 1974). In general, cell enlargement seems to be more sensitive than cell
division (Meyer & Boyer 1972), although Kirkham et al. (1972) describe an early effect of
osmotic solutions on cell division.

The exceptional sensitivity of leaf enlargement to low leaf water potentials can be seen in
the data of Boyer (1968, 19705) and Acevedo, Hsiao & Henderson (1971), who showed that
enlargement proceeded at a rate 259, of the control rate or less when leaf water potentials
decreased to —0.4 MPa (—4 bar) in maize, soybean, and sunflower (Boyer 1968, 19705) or
—0.6 MPa in maize (Acevedo ¢f al. 1971). Photosynthetic activity was unaffected at these
water potentials (Boyer 19705).

This degree of sensitivity is enough to cause large decreases in leaf growth in midday when
water potentials are often below —0.4 to —0.6 MPa, even in well watered plants. Acevedo
et al. (1971) show, however, that short periods of decreased leaf enlargement are reversible, and
rapid enlargement resumes at night (Boyer 1968). On the other hand, when inhibition lasts for
several days, leaf enlargement may ultimately resume but at less than the control rate (Boyer
197700). This suggests that the normal diurnal changes in leaf desiccation are likely to cause
reversible effects on leaf growth but desiccation for prolonged periods can cause an inhibition
that is only partially reversible.

In certain field situations, leaves never attain water potentials as high as — 0.4 to —0.6 MPa.
Examples are the leaves of plants adapted to saline soils or the leaves at the tops of tall trees.
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They grow, however, and this suggests that they are capable of adjusting in some way so that
enlargement is less affected than in those cases described by Boyer (1968, 19704) and Acevedo
et al. (1971).

Meyer & Boyer (1972) described a form of adaptation that may be involved in the adjust-
ment of cell enlargement to withstand drier conditions. They showed that soybean hypocotyls,
which carry on rapid cell division and elongation, can compensate for low tissue water poten-
tials by permitting solute accumulation in the elongating cells. This provides an internal osmotic
compensation that parallels decreases in water potential so that turgor remains high. The
overall effect was to reduce the responsiveness of cell enlargement to changes in tissue water
potentials. When the tissue was deprived of this mechanism, tissue elongation became much
more sensitive to low water potentials. Greacen & Oh (1972) have shown a similar phenomenon
for roots, and Goode & Higgs (1973) and Biscoe (1972) report that it may occur in leaves.

In addition to the effects of low water potentials on the production of new leaf area, low leaf
water potentials may cause the loss of existing leaf area. As desiccation becomes prolonged, leaf
senescence occurs and in some species may be particularly rapid. Figure 1¢ shows the quantity
of viable leaf area in maize when leaf water potentials remained constant at —1.8 to
—2.0 MPa during most of the grain-filling period. All leaves had senesced 30 days after the
plants reached low leaf water potentials. The uppermost leaves, which are the largest contribu-
tors to grain-fill, began to senesce 10-14 days after leaf water potentials had decreased to
—1.8 to —2.0 MPa.

The early senescence of leaf area in maize represents an irreversible loss of photosynthetic
capability by the crop. In this particular case, it occurred late enough in the growing season
so that a substantial amount of grain was still produced (see below), albeit at the expense of
previous photosynthate.

It is important to note that the metabolic changes that bring on senescence can occur rapidly
in maize. Among the earliest are dramatic rises in the activity of hydrolytic enzymes, such as
ribonuclease (Sacher 1973). Within 4-5 h, ribonuclease activity increases in maize leaves
having low water potentials (Morilla, Boyer & Hageman 1973). By contrast, nitrate reductase,
which is active during rapid growth and decreases during senescence, displays a dramatic
decrease in activity within this time (Morilla ef al. 1973). The metabolic conditions that bring
about these changes are unknown but it is clear that they can ultimately lead to a significant
alteration in the leaf area of crops.

SIGNIFICANCE OF INHIBITED PHOTOSYNTHESIS FOR
GRAIN PRODUCTION AT LOW LEAF WATER POTENTIALS

Although photosynthesis is reponsible for the accumulation of the bulk of the dry mass of
plants, and dry matter yield is reduced when plants are subjected to low leaf water potentials,
there are few studies of how the inhibition of photosynthesis relates to the reduction in yield
that ultimately occurs (Salter & Goode 1967). This is a particularly important problem in
grain crops, where the development of the grain and translocation of photosynthate to the
grain also affect grain production.

In an effort to provide some information about this question, a recent experiment was con-
ducted by the author and Dr H. G. McPherson at the Climate Laboratory in Palmerston
North, New Zealand. The intent of the experiment was to subject maize to low leaf water
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potentials during the early grain-filling period (soon after flowering and pollination had been
completed) and hold the potentials constant while the metabolic response and productivity of
the plants were observed. Since maize must accumulate 40 to 50 %, of the total plant dry mass
during the grain-filling period, this provided an opportunity to study the effects of low leaf
water potentials and photosynthate deprivation on the grain-filling process without the com-
plications of vegetative development.

— 0 T T T T
-8 =S (a)
g \ well watered
Sle 8 7 T
A/
<

'_].6~ ° 1
E. 2 desiccated
g ot 1

net photosynthesis

[
L=
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R ]
© B ]
2 s
1 |\°\1 1
0 12 24 36 48 60

time (since start of desiccation)/day

Ficure 1. (a) Leaf water potential, (b) net photosynthesis, and (¢) viable leaf area of maize during the grain-filling
period. Desiccation was initiated by withholding water from the soil shortly after pollination had been
completed, and low leaf water potentials were maintained by adding small amounts of water (7 that of the
controls) for the remainder of the growing season. Data from McPherson & Boyer (unpublished).

Figure 1 shows that photosynthesis virtually ceased when leaf potentials decreased to —1.8 to
—2.0 MPa. The plants remained inactive photosynthetically for the remainder of the season
(figure 15) and leaf senescence proceeded rapidly (figure 1¢). Table 1 shows that the shoot dry
matter accumulated during the desiccation period was reduced to 219, of that accumulated
by the controls. However, in spite of this, grain yield was 479, of the control grain yield.
Clearly, considerable dry mass had to be contributed by other parts of the shoot and repre-
sented photosynthate that had accumulated before the desiccation period. Indeed, grain
yield was a relatively constant fraction of the dry weight that had accumulated for the whole
season (table 1). Thus, photosynthesis had a large effect on grain yield, but it was the total
season photosynthesis that was important rather than just that which occurred during grain
fill.
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Of course, since the ear continued to fill at low leaf potentials even though photosynthesis
was virtually undetectable, translocation must have been capable of occurring (cf. figure 1
and table 1). This suggests that translocation to the grain is considerably less sensitive than
photosynthesis to low leaf water potentials. The ability to translocate dry matter to the grain in
spite of an inhibition of current photosynthesis has also been observed in wheat (Wardlaw
1967) and is probably a noteworthy mechanism for assuring the survival of a species under dry

conditions.
TABLE 1. DRY MATTER PRODUCTION BY MAIZE THAT WAS DESICCATED FOR
MOST OF THE GRAIN-FILLING PERIOD
(The plants were the same as those shown in figure 1. Data represent
averages for 10-12 plants + 1 standard deviation.)
well watered desiccated
A
r A
grams grams percent of
per plant per plant well watered
A grain yield 133+ 21 62.2 + 4.0 47
B total shoot
1 dry matter production, whole season 310+ 24 1564 +7 50
2 dry matter production, desiccation period 199 + 24 42.5+13 21
ratio
A/B1 0.43 0.40
A[B2 0.67 1.46
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