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G eenhouse and field experiments were conducted to study the
effects of elevated night tenperatures during panicle devel opment on the
yield and growth of a grain sorghum [ Sorghum bi color (L.) Menchd hybrid
(RS 671'). Investigations involved determnation of the growth stage or
stages nost sensitive to elevated night tenperatures and an eval uation of
the effect of artificial heat preconditioning on the plant's tenperature
r esponse.

Two greenhouse experinents and one field experinent consisted of
inposing 26.5 Cand 32 C night tenperatures on plants for 4- or 5-day
durations (growh stages) commencing at either panicle initiation or
floret differentiation until bloomstage. The 32 Ctreatnent signifi-
cantly reduced panicle dry weight, grain yield, seed nunber, grans of
grai n/ GS- 3 day/ pl ant and harvest index by approxi mately 14% 14% 19%
12%and 11% respectively. It also increased seed size by about 12%
The 26.5 C treatnent only noderately reduced these variables. These
tenperature treatnents hastened maturity by reducing the nunbers of days
from energence to bl oomand physiol ogical naturity and the | engths of

pani cl e expansion and grain fill periods. Such reductions were rel ated



to yield reduction. Dy matter production and plant height were al so
reduced by these treatnents.

Two other field experiments entailed the heat preconditioning
("heat hardening") of plants in one-half of the plots at about 3 weeks
after emergence by subjecting themto brief periods of sublethal tenpera-
tures (40 to 46 C). Tenperature treatments inposed were 5 Cand 10 C
above anbi ent over 7 days durations (growh stages) commencing at panicle
initiation until 7 days after bl oom

Simlar reductions in grain yield and shifts in conponents of
yield occurred when treated for 7 days with 5 C or 10 C above prevailing
air tenperatures. Reductions in grain yield, panicle dry weight, seed
nunber and grans of grain/GS 3 day/plant by the anbient +10 C treat nent
wore about 24% 25% 32%and 22% respectively. About 20%seed size in-
crease, associated with a sizeabl e seed nunber reduction, was caused by
the same treatnent. The 5 Gtenperature elevation had | ower but sig-
nificant effects. Treatnents had a tendency to hasten bl oomand shorten
the panicl e expansion period but not grain fill. The anbient +10 C
treatnent significantly inhibited |eaf photosynthetic rates by about 21%
but considerably increased kernel dry weight and kernel growth rates
during the first 2 to 3 weeks of grain fill period.

Artificial heat preconditioning had no significant effects on the
response of grain sorghumto elevated night tenperatures but tended to
enhance vyield-related attributes. Yield correlated positively wth each
yield conponent, but seed nunber correlated negatively with seed size.

The nost sensitive growh stages to el evated night tenperatures

seened to be during the second hal f of the panicle devel opnent period



(about 2 weeks). O this period the first week after floret differenti-
ation was generally the nost sensitive.

Concl usions drawn are (1) that brief periods (a week or |ess) of
el evated night tenperatures can reduce grain sorghumyield; (2) that
pl ant growth stage influences the plant's tenperature response; (3) that
a period of about one week after floret differentiation begi ns appears
to be the nost tenperature sensitive;, and (4) that artificial heat pre-
conditioning provides only limted beneficial effects on the plant's

tenperat ure response.
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INTRODUCTION

Temperature ranks as one of the most critical among the various
climatic factors that are known to affect grain preoduction. Grain yields
of cereals are quite often limited by higher-than-optimum growth tempera-
tures which coccur quite commonly in the arid and semi-arid regions of the
world. 3ome parts of Nigeria fall under such higher-than-optimum tem-
perature category. Such higher temperatures alsoc occur in the Southwest-
ern and Great Plains regions ¢f the United States, which produce most of

its grain sorghum [Sorghum bicolor (L.) Mcench). This makes the use of

adapted crop genotypes in such areas highly desirable, if not essential,
as apprepriate adaptation can mean the difference between reasonable
yields and in some cases crop failures in unfavorable years. Conse-
quently, adaptation and/or resistance to high temperature becomes an
important trait to consider in developing new crop varieties for use in
such areas,

Grain sorghum is one of the major grain crops of the United
States, ranking second to corn as the most important feed grain. In
total annual production, Nebraska ranks third after Kansas and Texas,
respectively. Annual production in the U,S.A. is about 20 million
metric tons. A preliminary estimate for 1977 gave Nebraska's grain sor-
ghum production as about 4 million metric tons from a harvested area of
about 852,000 hectar'es.l On a world-wide basis, grain sorghum serves as

a staple for many developing nations.

1USDA Agricultural Statistics, 1978. pp. %2-53, U.3. Government
Printing Cffice, Washington, D.C,
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The limiting effect of high temperature on crop yields can mani-
fest itself through short-term, high-temperature periods during critical
plant growth stages. Most previous work done in this area concerned
high day temperatures and was done under controlled environments. Such
artificial conditions do not represent the natural, dynamic field condi-
tions., Therefore, the potential value of such studies for extrapolation
to the field is questionable. Also, most such studies failed to con-
sider the relations between high temperature and phenological stage of
the plant.

The justification for the development of research in this area
is evident from the fact that short- or long-term elevated night tem-
peratures do occur during some growth stages of the crop which result in
various degrees of yield reduction.

The investigations reported here consisted of two greenhouse and
three field experiments conducted in 1977, 1978 and 1979 to (1) study
some physiological and agronomic responses of a grain sorghum hybrid to
elevated night temperatures and (2) to determine at which growth stages
the plant is most sensitive to above normal or high temperatures.

Also, an attempt was made to determine the significance of heat-
preconditioning ("hardening") on the response of grain sorghum to normal

and elevated night temperatures under field conditions.



LITERATURE REVIEW

Effects of High Temperature on Crop

Yield and Yield Components

The amount of information on effects of temperature extremes on
crop yields in general is enormous, but relatively little is available
on high night temperature effects in particular. Yield reductions occur
from high temperatures in temperate crops and in tropical and semi-
tropical crops in arid and semi-arid zones.

Various degrees of yield reduction in various crops resulting
from high temperatures have been reported (Peters et al., 1971). In
comparison with yields at moderate temperatures, United States grain
sorghum cultivars grown under controlied high temperatures showed de-
pressed yields (Downes, 1972). Results of a series of experiments indi-
cated that when plants were grown under one of five day/night tempera-
ture regimes (from 21/16 C to 33/28 C), high temperature (33/28 C)
between germination and panicle initiation resulted in low grain yield.
Grain yield was greatest from plants grown at low night temperatures and
progressively declined with higher night temperatures. Day temperature
did not affect grain yield except when accompanied by high night tem-
peratures (Downes, 1972)., He suggested that low yields in tropical
environments may reflect adverse effects of high temperatures.

Eastin (1976) imposed four day/night temperature regimes (29/17 C,
29/22 C, 29/27 C and 34/22 C) on five grain sorghum genotypes from
panicle initiation through maturity in growth chambers. He reported an

average of 25 to 33 percent yield reduction from a 5 C above-optimum



night temperature treatment, while 10 C temperature elevation reduced
grain yields by about 50 percent. These yield reductions were gen-
eraliy puaralleled by reductions in seed number,

Asana and Williams (1965) conducted some experiments in controlled
environments to determine the effects of high temperature on grain
development and yield of five wheat cultivars exposed to three day (25,
28, 31 C) and two night (9 and 12 C) temperatures during post-anthesis.
They observed a 16 percent mean yield reduction for the 6 C rise in day
temperature, but no significant differences among cultivars. Grain
weight was not significantly affected by night temperatures in these
studies, However, in a subsidiary experiment using three day/night tem-
perature regimes (24/19, 27/22 and 30/25 C) highly significant but com-
plex interactions between temperature regime and cultivar were estab-
lished.

Comparing sorghum yields with daily maximum temperatures over a
period in Queensland, Australia, Skerman (1956) found that when daily
maximum temperatures exceeded 100 F for three or more consecutive days,
there was an adverse effect on yields. The so-called "heat waves" were
most deleterious during anthesis and during the first month of grain
fill. His observations were confirmed by the fact that short-ferm
periods of heat stress during critical growth stages in grain sorghum
can have detrimental effects on grain yields (3ullivan et al., 1977a).
Over a decade earlier, Pasternak and Wilson {1969} reported similar
findings on the effects of heat waves on grain sorghum yields. They
claimed that moist or dry heat stress could accelerate anthesis resulfs=

ing in a reduced seed set and ultimately reduced yields. It was also
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reported that heat stress at or soon after boot stape lowered yield and
when this was accompanied by low humidity, 10 to 20 percent yield reduc-
tions can occur in the field.

In many instances, high night temperatures have been more detri-
mental to crop growth and yields than high day temperatures (Karr et
al., 1959; Langridge and McWilliam, 1969; Owen, 1971; Palis, 1971;
Peters et al, 1971; Downes, 1972; Campbell and McCloud, 1977). The data
presented by Karr et al. (1959) on the effect of short periods of high

day and night temperatures on pea (Pisum sativum L.) yields revealed

that high night temperatures proved more critical than day temperatures,
resulting in a 25 percent yield reduction as against about 8 percent for
high day temperatures. Conflicting opinions have, however, been ex-
pressed by some other investigators. They contended that day tempera-
tures, rather than night temperatures, were more influential on crop
yields (Nel and Small, 1973).

Based on their findings from a field study designed to assess the
effect of nighttime air temperatures on yields of corn, wheat and soy-
beans, Peters et al. (1971) surmised that the largest seasonal variant
experienced by a plant community would be night leaf temperature. They
conducted a series of experiments in which two night temperature treat-
ments, hot and cool air, were artificially imposed on unreplicated plots.
Results showed approximately 45, 40 and 10 percent yield reductions for
wheat, corn and scybean, respectively, from about 10 C above-control

night temperatures.



Yield reductions occurring under elevated night temperatures
were usually associated with earlier senescence and maturity; hence, the
grain filling period was shortened (Chinoy, 14947; Asana and Williams,
1965; Wattal, 1965; Peters et al., 1971; Eastin, 1976). Although Eastin
{1976) reported the existence of genotype x temperature interactions for
cach of the yield-related factors considered in his study, he attributed
yield differences, at least in part, to the following: (1) time reduc-
tions in panicle development {lowered seed number)} and grain filling;
(2) shifts in polarization of assimilates away from flora structures to
non-~floral structures; and (3) differential metabolic or biological
efficiency at different temperatures.

Gipson et al. (1979) conducted field experiments for two consecu-
tive years imposing two night temperature regimes, namely 14 and 22 C,
onn temperature (RS 671) and tropically (ATx 623 x Tx 430) adapted grain
sorghum hybrids., Temperature control was maintained on these two hy-
brids from emergence through maturity each year and also from emergence
until bloom on thése and two other genotypes during the second year.
Plants were exposed to the natural field environment during daylight.
Of the three phenclogical periods {Eastin, 1972), namely, emergence to
panicle initiation (GS=1}), panicle initiation to bloom (GS-2) and bloom
tc maturity (GS-3}, the greatest temperature response occurred during
GS-2. Length of the GS-2 period was the most significantly shortened.
When treatments were imposed from emergence until maturity, the 8 C
increase in night temperature resulted in 19 and 18 percent reductions

in number of seeds per head and weight of seed per head, respectively.
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Effects of high temperature stress after anthesis on wheat grain
development and yield were determined by Palis (1971) using winter and
spring cultivars. He subjected plants to four day/night (20/20 C,

20/40 C, 40/20 C and 40/40 C) temperature regimes during grain ill. He/
claimed that grain yields and yield components at the 20/20 C regime
were consistently higher than or equal to those at 20/40 C and 40/20 C
regimes but were lowest at the 40/40 C regime. His data suggested that
warm nights were more detrimental to wheat yields than warm days even
though warm days and nights severely deterred not only grain development
but also physiocleogical activities of the plants. Deleterious effects of
high temperature stress on wheat grain development were shown by declin=-
ing yield and yield component magnitudes with increasing levels of tem-
perature regimes. He thought that increased dark respiration, rather
than decreased potential photosynthesis, appeared to be a more deter-
mining factor of wheat yield.

Nel and Small (1973) subjected three "early" and one "late"
maturing wheat cultivars to three different day and night temperatures
in a factorial experiment. High day and high night temperatures con-
sistertly reduced grain yield. Although increased day temperature gen-
erally caused greater yield reduction than increased night temperature,
neverthelesas, high night temperatures reduced total number of kernels,
number of ears, number of sgpikelets per ear, number of kernels per ear
and straw and root yields. Low night temperature wholly or partially
eliminated the adverse effect of a high day temperature. They specu~

lated that the temperature effect on grain yield was mediated througn



its effect on the formation and development of kernels, which could be
explained by a higher respiratory activity at the higher temperatures.
The effects of climatic factors on the growth, reproductive devel-
opment and seed yield of a cowpea genotype were investigated by Huxley
and Summerfield (1976) in contrelled environment cabinets. Included
among, the treatments were two day (27 and 33 C) and two night (19 and
24 C) temperatures. They observed warm nights hastened the onset of
flowering as well as enhanced dry matter production during the vegeta-
tive period. Warm days reduced the number of pods borne on branches by
about 49 percent as did warm nights. The degree of yield reduction from
warm temperatures is a function of both temperature magnitude and dura-
tion. From the temperature treatment of pea plants during different
growth stages, Lambert and Linck (1958) observed that with each tempera-
ture, longer treatment duration meant greater yield reduction, and for a
given duration, the higher the temperature, the lower was the yield.
Plants treated five days after bloom were most severely affected.
Consideration of the stage of plant development during which the
plant is most sensitive to high temperature stress had led to many con-
flicting reports. Generally, it is believed that the vegetative phase is
less critical than the reproductive. Owen (1971) subjected a semi-dwarf
wheat cultivar to two temperature extremes (high and low). He observed
that high temperature from floral initiation adversely affected floret
development and grain filling was greatly reduced when stress occurred
after ear emergence. He concluded that major effects on yields were
caused by stress long before anthesis. That seems to be in accord

with the conclusion by Gipson et al. (1979) claiming that the most critical



growth period for grain sorghum was between panicle initiation and
bloom, and this is also true for wheat (Warrington ct al., L197f). On
the basis of their work on spring wheat, Ford and Thorne {197%) argued
that cereal crops are more sqsceptible to temperature after anthesis,
but this depends on grain yield being controlled more by carbohydrate
supply than by sink capacity of the grains. Similarly, Eastin {(1976)
reported that the grain filling period appears critical to grain yield
for grain sorghum,

The reason why high night temperatures hasten ripening and reduce
grain yield is not yet well understood. This is further complicated by
the fact that the analysis of cause and effect relationship in grain
yield is complex. It has, however, been suggested that high temperature
increases respiration and causes hastened ripening of price (Yamamoto,
1954 cited by Yoshida, 1973) and significant yield reductions in wheat
(Palis, 1971; Downes, 1972; Nel and Small, 1973}. Moss et al. (1961}
claimed that high ﬁight temperature increased respiration in the night
but this in turn resulted in increased photosynthesis in the daytime.
Based on their findings, they concluded that the increased respiration
caused by high night temperature could not reduce grain yield. Murata
{1964} had earlier believed that high night temperature reduced yield
partly due Lo increased respiration and partly due to increased leaf
senescence and decreased photosynthesis. Inadequate assimilate available
to support dark respiration could also be a factor (Downes, 1972).

A shortened plant life cycle has also been associated with
grain yield reduction caused by heat stress (Asana and Williams, 1965;

Peters et al., 1971; Bierhuizen, 1973; Eastin, 1976). In addition,
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Eastin (1976) attributed yield losses to shifts in polarization of

assimilates and lower metabolic efficiency.
Temperature Effects on Plant Metabolism

Lange (1965) concluded that one of the most important climatic
factors influencing biclogical processes is temperature since there is
hardly any metabolic process not affected by it. Variations in rates of
physiological processes and metabolic activities are often associated
with different levels of day and night temperatures. Howeﬁer, this
relationship is not linear and is a function of stress duration {Chabot
and Lewis, 1976). Higher temperatures usually bring about faster meta-
bolic rates but within certain limits. Photosynthesis, respiration,
transpiration, translocation and nitrate reductase activity are among i
processes 50 far reported. Alexandrov (1964} and Threshow (1970} con-
cluded that photosynthesis is a plant process that ig quite sensitive to
temperatures; the rate of the overall photosynthetic proéess being
greatly affected by the physical environment perhaps more than any other
growth process (Bjorkman and Berry, 1973; Pearcy et al., 1977).

There exists an coptimal temperature range, determined by species
and conditions, within which net carbon dioxide fixation is highest
(Langridge and McWilliam, 1967; Bauer et al., 1973), and this range genw
erally correlates with the temperature conditions of the natural envi-
ronment (Mooney and West, 1964]. It is also believed that the disparity
of these temperature limits from these temperatures which cause_leﬁhal
damage varies with species, conditions and time of year. Apart from the

inhibition of carbon dioxide exchange that might ¢occur in the presence
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of extreme temperatures, these environmental conditions may also have
aftereffects which could inhibit subsequent photosynthesis even at opti-
mal temperatures (Bauer et al., 1973). The intensity of stress deter-
mines whether photosynthesis will be partially inhibited or, in excrowe
cases, completely stopped.

Two temperature-dependent counteracting processes involved in
high temperature limit of net photosynthesis are the dark reactions of
photosynthesis, which are markedly inhibited by hipgh Lemperatures and
the other is respiration, which increases rapidly with temperature until
it finally diminishes. Such a collapse in metaboliszm has been associaled
with rapid inactivation and denaturation of enzymes that play specific
roles in normal metabolism (Langridge and McWilliam, 1967; Salisbury and
Ross, 1978). The heat limit of photosynthesis for a plant is influenced
to a significant extent by its stage of development. Bloom stage is
particularly one when high temperature stress appreciably inhibits the
photosynthetic process as reported for grain sorghums by Norcio and
Sullivan (1967a).

Raschke (1970) investigated the aftereffect of previous tempera-
ture on subsequent photosynthetic rate of maize (Zea mays L.) at favora-
ble temperatures. Results showed that carbon dioxide assimilation at
25 C was not affected by previous temperatures belween 10 and 35 C, but
exposure to higher temperatures sharply diminished subsequent CO2 fixa-
tion. In addition to heat reducing carbon dioxide assimilation, it also
caused reduction as an aftereffect.

Norcio and Sullivan (1975, 1976a,b) conducted a series of experi-

ments initiated in the summer of 1974 to study the effects of high
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temperature on the photosynthetic and respiration rates of some sorghum
and corn gencotypes. The sorghum genotypes had earlier been selected for
heat and drought telerance. Genotypes selected represented low and high
drought tolerance groups. Rates of photosynthesis and respiration of’
leaf sections were measured at 40 and 43 C during anthesis by an oxygen
evolutioni method to estimate the thermal stability of the photosynthetic
apparatus. Subjecting leaf sections to the higher temperature {43 C) in
the laboratory resulted in some inhibition of the photosynthetié appa-
ratus, both in sorghum and corn; reversal of the photosynthetic process
even occurred in some of the genctypes. However, a few scrghum geno-
types maintained or increased their photosynthetic rates as temperature
increased up to 43 C. They concluded that the ability of the plant to
photosynthesize at a higher rate under high temperature conditions may be
an important character when it is under thermal stress. Sorghum species,
belonging to the Cq group of plants, are endowed with photosynthetic
characteristics that are advantageous under conditions of high tempera-
ture and high irradiance {Bjorkman and Pearcy, 1971). When respiration
rates were measured by Norcio and Sullivan (197%), they claimed that
respiraticn tended to increase as the temperature increased from 40 to
43 C. This wos confirmed by Eastin et al. (1976) who observed about 14%
(whole-plant) respiration increases per 1 C temperature increase in the
10 to 27 C range. When the photosynthetic responses of sorghum and corn
genotypes to these temperatures at panicle initiation and flowering were
compared, the flowering stage was the more sensitive to elevated tempera-
ture (Norcio and Sullivan, 1976a}. Thermal stability of the photosyn-

thetic process appeared to correlate fairly well with heat tolerance as
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determined by leaf-disc electrical conductivity tests {(Sullivan, 1972).
By means of measuring the effect of heat treatment on the photosynthetic
pracess of six sorghum genotypes using the infrared gas-analyzer, Norcio
and Sullivan {1976b) observed that stomates were sensitive to high tem-
peratures and closure of stomates was induced under heat stress. 1t is -
logical to speculate that the control of transpiraticn and gas exchange
by high temperature would follow identical relationships. However, from
his studies on plant species from contrasting thermal environments,
Bjorkman (1975) observed that decline in photosynthetic rate at high
temperatures was not due to a decreased conductance of the stomates to

CO, diffusion, but on the contrary, conductance reached their maximum

2
values at the highesat temperatures measured.

When the temperature responses of photosynthesis and respiration
were compared, they appeared to differ to some extent [(Norcio and Sulli-
van, 197%). That observation was in accord with the work of Lundergardh
(1929} reported about a half century earlier. He showed that the tem-
perature curve of carbon dioxide assimilation differed considerably from
that of respiration and that the optimum temperature for respiration was
much higher than that for carbon assimilation. In general, because
photochemical proc¢esses are not strongly temperature-dependent, leaf
photosynthesis is relatively insensitive tco temperature (stoy, 1965
Cooper, 1973), at least in 03 plant species, until later in the growing
season when crop net photosynthesis is markedly decreased (Baker et al.,
1972). A similar observation was reported by Halse and Weir (1974} who
concluded that unfavorable effect of warm summers could not be explained

by its effect on photosynthesis since it was negligible.
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The temperature range within which plants photosynthesize has
generally been considered as remarkably wide (Gaastra, 1962; Salisbury
and Ross, 1978) and thus, when leaf temperatures of many higher plant
species reach 35 C or higher in hot summers, they are still able to fix
carbon dioxide. Salisbury and Ross (1978) remarked that the response of
photosynthesis to temperature is a function of many factors, such a:s,
the plant species, the environmental condition under which that plant
was grown (Bjorkman and Pearcy, 1971) and those conditions during
measurement .

Although it is a well-known fact that high temperatures cause
heat-inactivation of the photosynthetic process in most higher plants,
little is yet known about how this inhibition comes about. Bjorkman et
al. (1976) compared the heat stability of photosynthesis, chloroplast
membrane ractions, photosynthetic enzymes and soluble proteins in leaves
of heat-adapted and cold-adapted Atriplex species. They found that com-
plete inhibition of photosynthesis occurred before other symptoms of
heat damage were detected. Consequently, it was surmised that high-
temperature inhibition of photosynthesis could not result from a general
breakdown of the cell's integrity. Among plausible sites of photosyn-
thetic heat-inactivation are temperature-dependence of carboxylation
reactions (Bjorkman and Pearcy, 1971; Rathnam, 1978); heat-inactivation
of photosystem II resulting in the inhibition of quantum yield of photo-
synthesis (Bjorkman and Pearcy, 1971; Pearcy, 1977); heat-inhibition of
ATP formation by photophosphorylation; and denaturation of components of
soluble proteins (Bjorkman et al., 1976). Results from the series of

studies conducted by Bjorkman and his colleagues at the Carnegie
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Institution substantiate the hypothesis that thermal damage to specific
sites of photochemical apparatus is a major factor limiting photosyn-
thetic performance after exposure of intact tissue to damaging tempera-
tures, even though the mechanism remains unclear.

Not too surprising, of course, is the existence of some conflict-
ing reports claiming that the photosynthetic process of some cﬁ plant
species was enhanced by high temperatures. When irrigated corn plants
were subjected to high temperatures during certain growth stages at
Illinois, increased apparent photosynthesis was observed by Winter and
Pendleton (1970). Similarly, about the same period, Downes (1970) ob-
served increased photosynthesis with increased temperature in sudangrass

(Sorghum sudanense Stapf.) in Australia under greenhouse conditions.

The influence of high temperatures on certain other vital pro-
cesses of the plant other than photosynthesis and respiration has been
reported. Some of such processes reported on by investigators are
nitrogen metabolism such as nitrate reductase activity (Onwueme et al.,
1971; Alofe et al., 1973; Maranville and Sullivan, 1976; Amos and
Scholl, 1977); nucleic acid concentrations (Baker and Jung, 1970a,b;
1972); translocation (Wardlaw, 1974; Pearson and Derrick, 1977); and
transpiration (Downes, 1970). Reports of decreasing nitrate reductase
activity in young seedlings with increasing temperature made by various
investigators have been strikingly consistent. Alofe et al. (1973) ex-
posed seedlings of 16 corn genotypes to a high day (35 C) and three
variable night (24, 16, 7 C) temperatures. The most rapid decline in
nitrate reductase activity occurred at the highest night temperature

{24 C) and the least rapid at 7 C. Similar results were reported by
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Amos and Scholl (1977) for seedlings of ten maize hybrids exposed to two
day/night temperature regimes. The nitrate reductase activity of most
genotypes was reduced about 35 percent by high temperature. Reductions
of reductase activity by elevated temperatures were also reported for
barley seedlings by Onwueme et al. (1971) and sorghum seedlings by
Maranville and Sullivan (1976).

Decrease in ribonucleic acid (RNA) and deoxyribonucleic acid
(DNA) concentrations in many grass species with increased day or night
temperature was obscerved by Baker and Jung (1970a,b; 1972).

Wardlaw (1970) conducted a l"\C:-—thabel experiment to monitor the
effect of high temperature on the transport of assimilate to wheat
grains. He claimed that l"'.':--lalbela't;l assimilate transport to grains was
inhibited by high temperature and concluded that assimilate movement was
influenced by temperature effect on the source and sink rather than on
the transport system per se. Pearson and Derrick (1977) concluded that
translocation was most sensitive to the temperature at which the plants
were grown. He measured the rate of la{:--lat:ual loss from leaves of three
Pennisetum genotypes after imposing day/night temperatures ranging from
18/13 C to 33/28 C. He observed that the initial rates of percentage of
lqc loss were highest at 33/28 C, those at 18/13 C being only one-
quarter of those at 33/28 C.

Higher transpiration rates generally associate with higher tem-
peratures, a process through which the plant attempts to dispose of its
excess heat load when under high temperature stress. Significant in-
creases in transpiration rates with increased temperature were observed

for sudangrass and wheat (Downes, 1970).
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Effect of Temperature on Crop Growth

and Development

Growth and developmental processes of sorghum and most other
crops are influenced by a myriad of environmental variables, including
temperature. Growth attributes of a plant that are influenced in one
way or another are quite numerous, and it can be said that there is
hardly one of them that does not respond to temperature at one point of
the plant's life cycle. Vegetative growth attributes are generally more
sensitive to high temperature during pre-anthesis than during post-
anthesis period., The tendency is for high temperature to hasten growth
rate and shorten growth duration in higher plants (Asana and Williams,
1965; Fryer et al., 1966; Pasternak and Wilson, 1969; Peters et al.,
1971; Downes, 1972). An important fact, of course, is that the response
of plant growth and development to temperature is extremely complex. A
physiological analysis of the effect of temperature on growth and devel-
opment of the plant would lead to an understanding of the adaptation of
the crop to varying temperature conditions and to means for improving
production (Wattal, 1965).

The relative response of higher plants to day or night tempera-
ture varies somewhat and is a function of many factors, such as, species,
age, daylength and so on. A tomato plant, for instance, is known to be
particularly sensitive to differences in night temperature, whereas it
does not respond to a wide range of day temperatures (Went, 1950). He
believed that responses to night temperature is a function of (1) the

age or size of the plant, (2) the previous night temperatures, (3) the
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liphl intenaity on the previous two days and (4) the variety. This is
also true of higher plants in general.

Methods of growth analysis are widely used to study the quantita-
tive responses of plant growth to various environmental factors, especi-
ally temperature and light. This entails destructive harvesting of a
suitable number of plants within a given land area at certain repular
time intervals and determining dry matter production. Even though tem=-
perature extremes to which plants are subjected are insufficient to kill
the protoplasm, it may still inhibit growth, impair vigor and suppress
production (Threshow, 1970). Precise growth responses are often diffi-
cult to detect in the field and, therefore, often go unrecognized, even
when production losses from the reduced growth may be significant long
before visible symptoms appear. Nevertheless, temperature level remained
a vital factor influencing plant growth, development and yield, at least
from an agronomic peint of view (Palmer, 1973).

The realization that high temperatures, especially if they occur
during certain critical growth phases, could be detrimental to growth
and development of higher plants had ¢ome about many years age. Salmon
{1941 ) described the interaction of various climatic factors with small
grains, such ns, wheat, oats and barley., e explained that high tem-
peratures, especially if accompanied by hot winds, when the plant is at
the heading stage or between heading and ripening, may sericusly inter-
fere with its growth and development. Delayed flowering in rice was
associated with high ﬁemperature (Yoshida, 1973). He concluded that the
optimal temperature appears to shift from high to low as growth stage

advances from the vegetative to the reproductive stage. At the early
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growth stages, the growth rate of rice plants in growth ¢hambers in-
creased as the temperature was raised from 22 C to 31 C; however, the
effect, of temperature on growth rate decreased with time (Yoshida, 1973).

Wilson {1966) compared the net assimilation rates and other growth
attributes of widely spaced rape, sunflower and maize plants at 10, 16,
27, 28 and 34 C temperatures. The temperature coefficient of net assimi-
lation rate (NAR)} was lower than that of relative growth rate (RGR), and
this corresponds to an increase in leaf area ratic (LAR) with rise in
temperature. This increase was associated with change in leaf area per
leaf weight since temperature had little effect on leaf weight/plant
weight (leaf weight ratio). Leaf area ratio provides a measure of the
proportion of the total plant active in photcsynthesis (Friend et al.,
1965). Ttz study should be of interest in any investigation on the
physiology of a whole plant active in photosynthesis. Increasing tem-
perature from 10 to 25 C increased LAR because the growth of leaves was
promoted to a greater extent than the growth of stems and roots, and be-
cause leaves were thinner (Friend et al., 1965; Robson, 1973), with day
temperature having a greater effect than night temperature. A further
increase in temperature to 30 C lowered the LAR because of an increased
proportion of stem and thicker leaves. When maize was grown at 21 C, a
greater leaf area per plant and, conzsequently, higher leaf area index
{LAI) was obtained than when grown at 18 or 25 C. This resulted in a
higher dry weight increase after silking {Wilson et al., 1973). 3Similar
results reported by Robson (1973) indicated that leaves of tall fescue

(Festuca arundinacea) produced at night temperatures from 20 to 30 C

were progressively shorter and smaller in leaf area, leaf length and
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area being halved when the night temperature was raised from 20 to 30 C,
at the expensgse of day temperature. Sheaths were similarly affected by
temperature, although shorter than laminae,

On the whole, day temperature nad a greater effect than night
temperature on leaf growth, with the effect of increasing day tempera-
turc being positive over almest all ranges used, whereas night tempera-
ture above 20 C depressed it. Total leaf number per plant is also in-
fluenced by temperature. Positive relations between leaf number and
temperature were reported for corn within 15/10 to 36/31 C day/night
temperature regimes (Duncan and Hesketh, 1968) and also for sorghum in
the warmer night temperature {29 C)} than in the cooler (23 C} tempera-
ture (Quinby et al., 1973). The results from a study of temperature
effects on the partitioning of daily weight gain into new leaf area
weight measured on soybean, cotton, pigweed, johnsongrass and cocklebur
under 21/10, 32/21 and 38/27 C day/night temperature fegimes corroborate
earlier pesults (Potter, 197%). The relative growth rates were greatest
at 32/21 C and lowest at 21/10 C for all species, and this correlated
well with partitioning of daily weight gailn into new leaf area. The
rapid growth rate observed under 32/21 C regime was presumed to have re-
sulted from a combined effect of relative values of HAR, leaf weight and
leaf area partitioning. Controversial results have, however, been re-
ported recently by some workers (Ruegg and Nosberger, 1977) whe claimed
that when 16/11, 21/16 and 26/2l1 C temperature regimes were compared
between panicle emergence and full anthesis in tall fescue, the largest
leaf area per plant was from 16/11 C. Their results contrasted those of

Pearson (1975) who reported that when seedlings of two Pennisetum
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cultivars were grown at 33/28, 24/19, 18/13 and 15/10 C day/night tem-
peratures in a natural environment, total green leaf area per plant was
highest at 33/28 C when compared to other regimes at the same age.

Considered among suitable growth attributes for use in analysis
of variation in yield are the size of the photosynthetic gsystem and its
efficiency. The leaf area of a plant is the best measure of photosyn-
thetic size, while photosynthetic efficiency can be measured by the rate
of dry matter increase per unit leaf area otherwise called, net assimi-
lation rate (Watson, 1963).

Five tropical grass species were grown in growth chambers under
several day/night temperature regimes by Ivory and Whiteman (1978). Both
day and night temperatures significantly affected growth in all the
species, high night temperatures causing between average to severe re-

ductions in leaf growth in some species. Also, alfalfa (Medicago sativa

L.) plants grown under cool night temperatures produced significantly
more top growth than those under warm night temperatures (Henderson,
1969). Maize seedlings grown in climate room and glasshouse under vari-
ous constant temperatures increased in relative growth rate from 0.068
to 0.230 g g-l day.r-1 as temperature was raised from 15 to 25 C

(Brouwer et al., 1973). Even though various processes that determine
growth rate were not equally affected by temperature, about 50 percent
of the cverall growth response could be ascribed to changes in morphology.
Day temperature has been considered a more significant factor than night
temperature in regard to relative growth rate. Raising night tempera-
ture from 10 to 20 C increased RGR of tall fescue but only half as much

as raising the day temperature over the same range (Robson, 1973), but



22
when night temperature was raised above that of day, the RGR was drasti-
cally reduced.

Munakata (1976) believed that temperature directly exerts signifi-
cant influence on both processes of dry matter production and differenti-
ation through entire physiological and biochemical reactions other than
the biolopical cleock. He further claimed that it is difficult to analyze
how relationships between plant growth and climate at certain growth
stages are affected by previcus climatic conditions. One would, there-
fore, expect that temperature reguirements differ between species as
well as during different stages of growth and development in the life
cycle of a plant (Downs and Hellmers, 1977).

Top growth can be reduced by high temperature stress depending
upon the stage of occurrence, its intensity and its duration. Baker
(1969) and Baker and Jung (1970a) grew four temperate grass species
under various temperature regimes and cobserved that growth produced by
each species decreased when plants were subjected to heat stress of
various duration and intensities. They attributed the growth reduction
to the detrimental effect heat stress might have on nucleic acids,
especially RNA.

Total dry weight production and the pattern of its distribution
within the plant were found to be modified by temperature when raising
temperature by 10 C hastened the phenological development of tall fescue
(Ruegg and Nosberger, 1977). The highest dry weight for all growth
stages was found at the lowest temperature regime (16711 C)}. Under the
warm (21/16 C) and the hot (26/21 C} regimes, with their corresponding

shorter growth durations, dry weight was decreased. The effect of
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temperature on dry weight distribution within the plant was considerable.
The root dry weight as a percentage of the total dry weight of the plant
dropped remarkably.and rapidly under two warm regimes (Pearson, 1975; v
McWhorter and Jordan, 1976), and root growth was enhanced when night
temperature was lowered for tobacco, pea and potato (Went, 1948B). As
root growth is tavored over stem growth, the top:root ratio declines.

The effect of high temperature on root dry weight was the reverse of
that on stem dry weight (Brouwer, 1973; Ruegg and Nosberger, 1977),

High temperatures have commonly been associated with reduced stem
height in higher plants (Jones, 1947, Friend, 1965; McWhorter and Jordan,

1976). McWheorter and Jordan (1976} found that the primary culm height

and weight of johnsongrass [Sorghum halepense (L.) Pers] were greater

at 24 C than at 40 C, regardless of the illumination. Growth of bean
(Vicia fabal} plants under high night temperatures (15 and 20 C) resulted
in significant decreases in shoot height in comparison with plants grown
at low (5 and 10 C) night temperatures (Said et al., 1967). Even though
higher night temperatures initially had an accelerating effect on stem
elongation, that effect disappeared as plants grew older, with a down-
ward shift in night temperature optimum. Conversely, high temperatures
have been observed to accelerate plant growth and cause greater plant
height than cool temperatures (Schuster and Okuyucu, 1976). Increasing
plant height with increasing night temperature was also reported for
soybeans (Warrington et al., 1976) but at the expense of dry matter pro- .f
duction (Downs and Hellmers, 1977). .
Work on some aspects of grain growth in cereals as affected by tem-

perature has been reported. It is commonly accepted that the rate of L
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grain growth in cereals is accelerated by high temperatures, but the
duration of growth is shortened (Spiertz, 1974, 1977; Gallagher et al.,
1976). Exceptionally high temperatures were associated with very fast
whealt grain growth rate during the linear growth phase, but this was
more than offset by a sharp decline in the duration of that phase (Gal-
lagher et al., 1976). Work in controlled environments supgests thét
temperature rather than moisture stress stops grain growth prematurely
(Asana and Saini, 1962; Asana and Williams, 1965; Spiertz, 1974). GCal-
lagher et al. (1976) surmised that if cereals are to yield well in
regions where drought and high temperatures during grain filling are
frequent, varieties must be bred which not only increase the rate but
also sustain the duration of grain growth.

When high temperatures were applied on rice at the beginning of
grain fill, the development of the rice grain was hastened but depressed
it when applied later (Nagato and Ebata, 1966). A recent study by
Chowdhury and Wardlaw (1978) showed that rice kernel development was
less affected by temperature extremes than sorghum but was more sensi-
tive to low temperature than wheat. Rice kernels showed a relatively
small change in weight over a 21/16 to 30/2% C temperature range.

Accelerated leafl senescence and ripening of the kernels by higher
temperatures were more important for the ultimate wheat grain yield than
increase in grain growth rate (Spiertz, 1974). Temperature influences the
supply of assimilate to the grain in many ways such as, acceleration of
leaf senescence by raised temperatures and increased respiration of

leaves, stem and ear.
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Reascns for the curtailment of grain growth duration under high
temperatures have been speculated by investigators. Gallagher et al.
{1Y'f6) proposed three possible reasons why grain growth stops: either
the extent of translocation may ultimately be limited by the need to
retain sufficient dry matter in the stems to support the.ears, the
transpoert system to the growing grain was inadequate, or starch syﬁthe~
5is stopped prematurely.

Temperature relations of time of maturity and growth duration of
higher plants have been studied for some time. High temperatures are
known to hasten the period between planting and anthesis and that from
bleom to physiological maturity (Skerman, 19%6; Fryer et al., 1966; Pas- :
ternak and Wilson, 1969; Peters et al., 1971; Downes, 1972; Eastin,
1976). The rate cof development of three sorghum varieties grown in con-
treolled environments was found to be highly dependent upon day and night
temperatures (Caddel and Weibel, 1971), all reaching anthesis faster at
the warmer night temperature. 3Similar results were earlier reported by
Pasternak and Wilson (1969) for high night temperatures. Flowering
delay resulting from drops in temperature was reported for Pennisetum
(Pearson, 1975) and from drops in night temperature for bgan (Said et
al., 1967). Hastening of sorghum maturity by about 70 F day tempera-
tures and night temperatures greaier than 70 F or below Y0 F for the
first 30 days after emergence was reported by Fryer et al. (1966).
Maturity generally was retarded by day temperatures below 70 F and night

temperatures in the sixties.
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Heat Injury, Tolerance and Adaptation in Higher Plants

General Concepts and Terminolopgy

Heat tolerance is fairly commonly used for referring to plant-
temperature relationships of living organisms. Reference to heat toler-
ance often follows the terminology of Levitt et al. (1960), and it is
defined as the ability of plant tissues to live and function under condi-
tions of high temperatures. A very difficult plant condition to quantify
is, of course, "heat stress." Evaluating a high temperature stress on an
absolute basis is, therefore, rather difficult, and this makes a quanti-
tative definition of heat stress impossible. Plants that belong to the
froup "mesophiles" grow and develop at temperatures above 10 to 30 C.
Heat stress to such plants may be any temperature above about 3% C, and
the degree of stress is also a function of duration (Levitt, 1972). In a
qualitative sense, therefore, specific heat stress for any organism
would increase with the temperature above the lowest that causez stress.
The lowest temperature that causes stress would again vary from crop to
crop.

Threshow (1970) defined temperature in molecular terms as it
relates to living organisms. It is defined as a measure of the activity
of molecule: and the energy involved in their motion. When temperatures
are tco high, molecular motion is believed to be extremely rapid, and
thus the complex protein molecules disintegrate. Threshow considered
plant temperature as a function of the difference between the gain and
the loss of heat energy by the plant. This forms the very basis upon

which some mechanisms of heat injury were developed.
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Plant response to an environment is quite a broad and complex
phenomenon, but it can be categorized. Itai and Benzioni (1974) sug-
gested two main kinds of plant response, namely: (1) a direct response,
which is proportional to the appropriate environmental factor involved,
and (2) an induced response, the plant responding only when the relevant
factor exceeds a given magnitude. They concluded by saying that plant
responses to changes in any of the microclimatic complex are regulated
along similar lines,

Variability does exist in the degree of heat tolerance possessed
by a given plant as this property is characterized by numerous variables
other than heat per se. To this end, Lange (1965) regarded the high
temperature tolerance of a plant as a phenomenon that is not constant,
being subject to continuous modification by both internal and external
factors.

The stage of development is one factor that ought to be consid-
ered when determining the degree of high temperature tolerance of a
plant. Young seedlings may have a level of heat tolerance much different
from that of older plants. Laude and Chaugule (1953) observed the
highest level of heat tolerance in bromegrass seedlings just after emer-
gence. There was no visible heat injury at that stage, whereas older
material was substantially injured. Earlier studies by Heyne and Laude
(1940) showed that young corn seedlings 10 to 20 days after planting
possessed considerably higher resistance to a given level of heat stress
than older seedlings.

Light has also been considered among external factors influencing

the degree of heat tolerance of a plant., Laude (1939), Heyne and Laude
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(1940) and Laude and Chaugule (1953} have demonstrated that heat injury
in plants kept in the dark wasz far greater than that of plants which
had received light. Exposing corn seedlings previously kept in the dark
to light for 1 hour considerably increased their heat resistance. A
daily cycle of heat resistance in plants of corn, wheat, barley, sorghum
and alfalfa was reported some decades ago (Laude, 1939). He found that
the daily maximum resistance was attained by plants about mid-day and
during the afternoon, while the minimum occurred early in the morning.

In describing plants' temperature tolerance research, Laude
(1964} considered the testing of plant materials in such a way that the
responses to high temperature are clearly separable from those attrib-
utable to asscociated conditions as a difficult task. A typical example
is that of distinguishing temperature response from that due to the mois-
ture deficiency caused by high temperature, particularly under field
conditions {(Laude, 1964; Sullivan et al., 1977a}. Laude (1964) recom-
mended an evaluation of the many factors that alter the degree of plant "
response to high temperature in order to properly interpret plant be-
havior. Among such factors are the previous conditioning of the plant,
the stage of development, the variety or ecotype, the criteria selected
for measurement, the test condition, the exposure duration and the mois-
ture regime.

Threshow {1970} expanded the discussion by stating that apart from
the optimum temperature for a given metabolic activity varying among
individuals of a single species, different temperature optima alsc exist
for different plant organs and for each successive stage of plant

development.
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The phenomencn of heat injury translocation was demonstrated in

higher plants by Yarwood (196lb) using leaves of Phaseolus vulgaris

(L.), Vigna sinensis or the cotyledons of Cucumis sativus (L.). Trans-

location of injury occurred as a result of the abrasion of heated leaves.
He claimed that translocated heat injury was favored by light and high
temperatures in the environment and increased plant age. He later
demonstrated an acquired sensitivity of bean plants to heat injury after
a disposition heat treatment (Yarwood, 1962). Its manifestation was
said to depend on high soil moisture and exposure to dark prior to

treatment.

Mechanisms of Heat Injury in Plants

Over the years, a number of mechanisms of heat injury have been
proposed, some of which are popular. One of such earlier proposed
theories is that high temperatures induce thermal oscillations which
readily break H and S-S protein bridges (Levitt, 1956), thus resulting
in protein denaturation. Bound water is believed to strengthen protein
bridges and prevent its denaturation. According to the speed of resyn-
thesis concept, heat killing occurs when the rate of resynthesis of an
essential component lags behind its degradation. Levitt (1956) sup-
ported this concept as the obvious explanation for direct heat injury
since many proteins are denatured at heat killing temperatures for many
plants.

Alexandrov (1964) conjectured that protein denaturation theory of
heat injury explained some of his data. He, therefore, concluded that

specific doses of different kinds of stimulants produce similar denaturing



changes in the protoplasmic protein.

Principal points of the denaturation theory are as follows: (1)
the reaction of the protoplasm toward the action of injurious agent is
quite non-~specific; (2) specific peculiarities characteristic of the
injurious action of each given agent exist; (3) the stimulation and the
injury are consecutive phases of the cell's response; and {(4) at the
bases of both the injury and the stimulation are denaturing changes of
the protein molecules of different protoplasmic components (Alexandrov,
1964).

Leopold and Kriedemann (1975) considered the formation of toxic
substances as an associative event of protein denaturation. An accumu-
lation of such by-products, including nitrogen and ammonia, would lead
to auto-intoxication that would result in death of the plant (Petinov
and Molotkovsky, 1959).

Also associated with protein denaturation is the disruption of
the normal function of enzymes which could lead to some metabolic imbal-
ance in the plant. The general conclusion drawn from a survey of high
temperature lesions is that many of them may occur, at least partly, as
a result of inactivation of heat-labile enzymes (Langridge, 1963b).

Other theories of secondary effects of heat injury that have been
considered are metabolic disturbances, especially increased respiration
rate; rapid dissipation of reserve carbohydrates; and apparent drop in
photosynthesis (Wilsie, 1962).

Mechanisms of heat injury were summarized by Threshow (1970) and
the following conclusions were made: (1) the temperature limit for a

plant is determined largely by the capacity of the component molecules
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to maintain their structure; (2} if high temperatures persist, bonds in
the protein molecule become irreversibly disrupted; (3) indirect injury
may occur at temperatures below the point of protein denaturation; (#4)
cellular damage could result from the formation of toxic substances; and
(5) regardless of the mechanisms involved, when the temperature exceeds
the extremes to which the plant is adapted, growth is impaired and ex-
pressions of stress and malfunction appear.

The genetics of high temperature response of higher plants have
np far received limited attention. High temperature defects are said to
be possibly inherited as single genes which probably control thermo-
labile homecstasis as a buffering phenomenon upon which the genetic
ability of a plant to resist injurious effect of extreme temperatures
rests. The high freguency with which mutation produces temperature-
sensitive alleles which specify enzymes and cther proteins, the struc-
tures of which are so altered that they become inherently unstable at
high temperatures. Abnormal phencotypes occurring only when above-opti-

mum temperatures have denatured these unstable proteins,

Acquired Heat Tolerance and Adaption in Plants

When some plants are subjected to some form of mild environmental
stress, be (t artificially or otherwise, they sustain biochemical, bio-
physical and/or physiclogical changes thal enable them to tolerate
greater stress at a later time in their life c¢ycle {Kinbacher et al.,
1967). Heat hardening process was described by Leopold and Kriedemann
{(1975) as a plant's metabolic response to temperature that embodies

instantaneous effects; e.g., enzyme activity, membrane permeability and
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substrate concentration, and cumulative reactions, whereby the plant
"remembers" a temperature experienced and adapts its physiology accord-
ingly. 3uch a property allows the plant to endure more intense heat
conditions and is considered to be of ecological significance. The con- |
clusicn drawn by Schroeder (1963} was that heat tolerance can be induced
in plant tissues in vive and in vitro.

Coffman (19573 found that winter oats exposed to 48-54.5 C tem-
peratures for 45 min at early boot, after exposure to sunlight, developed
éreater heat tolerance than plants under shade. His results corroborate
those of Heyne and Laude {1940) who had earlier reported that heat tol-
erance of corn seedlings kept in the dark for 12 to 18 hr was increased
considerably by exposure te light for as brief a time as 1 hr, younger
seedlings being generally considered as more heat tclerant than older
plants (Heyne and Laude, 194C; Coffman, 1957).

Further reports of successful artificial heat-hardening in higher
plants had alse been made known. Heat-hardened bean plants were claimed
to have significantly higher heat tolerance than unhardened plants (Kin-
bacher et al., 1967; Sullivan and Kinbacher, 1967). The thermostability
of fraction I protein isolated from bean plants exposed to 44 € for 2-4 hr
per day for 3 to 10 consecutive days was found to be higher than that
extracted from control {unhardened) plants., Maleic dehydrogenase ex-
tracted from leaves of high-temperature hardened greenhouse-grown bean
plants was significantly more heaf. stable than that extracted from
unhardened plants (Kinbacher et al., 1967}. Similarly, Feldman (19&8)
claimed that artificial heat hardening of cucumber and wheat plants

increased the heat resistance of various leaf enzymes.
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Thermal adaptation of photosynthetic processes in higher plantsl
were reported by Mooney and West (1964), Bjorkman et al. (1972), Berry
{19¢5) and Pearcy et al. (1977). They observed that plants adapted to
high temperatures had remarkably higher photosynthelic rates than non-
adapted species under high temperature conditions. High growth tempera-
ture induced a substantial increase in the thermal stability of the

photosynthetic process o' Atriplex lentiformis, a C, species. Heat

treatment of 46 C on leaves of unhardened plante caused marked reduction
of photosystem II activities of chloroplasts but net in those of chlore-~
plasts from high-temperature grown plants (Pearcy et al., 1977).
Extremely brief period of exposure to heat is sometimes suffici=-
ent to bring about heat hardening. Alexandrov (1964) observed increased
heat tolerance of some grass species after very brief heat shocks of
even a few seconds. Acquired plant tolerance to heat was demonstrated
in bean, cowpea, corn, cucumber, fig, soybean and tobacco after exposing
thém to elevated temperatures no higher than 50 C for 20 sec (Yarwoced,
1961; 1967). Laude and Chaugule (1953) adopted three different proce-
dures to determine the degree of heat hardiness that can be attained by
bromegrass. A significant degree of heat hardiness compared to its
control was attained by each of the three bromegrass species used.
Successful artificial heat bhardenings of crop seedlings were
reported for grain sorghum by Smith (1973) and Sullivan et al. {1977a)
and for soybeans by Specht et al. (1977). Two-week old seedlings of
sorghums differing in maturity were heat hardened at high subinjurious
temperatures in growth chambers for 2 to 4 hr per day for four consecu-

tive days before they were transplanted to the field {Smith, 1973;
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Sullivan et al., 197fal. The earlier maturing hybrids showed higher
heat tolerance up to 26 days after the heat treatment but not thereafter.
Heat hardened plants averaging about 7-8.3 percent higher grain yields
than the unhardened plants.

Specht et al. {1977) conducted field and greenhouse experiments
to assess the phenotypic and agronomic consequences of short-term tem-
perature hardening of scybean seedlings. They exposed seedlings to
"eold" (under 10 C) or Yhot' (above 40 C) temperature in growth chambers
for f days before transplanting them to the field. It was claimed that
yicld, height and leaf area differences occurred between control and
hardened plants. Higher membrane thermostability induced by the heat
hardening persisted throughout the growing season.

The duration for which induced heat hardening in higher plants
persists has been a subject of controversy. While Schroeder (1963),
Alexandrov (1964) and Specht et al. (1977} claimed that the heat-hardened
condition may persist throughout life cycle, other conflicting claims
exist. Alexandﬁov (1964} indicated that dehardening of plant cells
occurred after 24 hr, but only after 2 days did Sullivan et al. (1976)
observe a diminishing effect in hardened cabbage plants. Langridge and
McWilliam (1967) concluded that adaptation of phenotype to temperature

may be transient and reversible or may be irreversible,

Mechanisms of Heat Hardening and Adaptation in Plants

Many different theories explaining the phencmencon of heat harden-
ing and adaptation in plants have been postulated. Of these, only a few

can be considered popular and tenable. Heat toclerance or hardening is



generally attributed to increased hegat stability of protoplasmic pro-
teins (Koffler et al., 1951; Levitt, 1956; Langridge and McWilliam,
1967; Threshow, 1970), and it has also been proposed that rapid resyn-
thesis of heat-damaged protein molecules brings about heat stability
(Levitt, 1956; Langridge and McWilliam, 1967). One of the more plausi-
ble explanations is that thermophilic organisms possess relatively heat-
stable proteins (Koffler and Gale, 1957) resulting from a relatively
stable molecular architecture of the proteins conferred by H-bonding
(Koffler et al., 1957). This led Kinbacher et al. (1367) to speculate
on the basis of their data that heat hardening probably alters the pro-
tein confipguration allowing for a greater degree of heat tolerance with-
out denaturation. Sullivan and Kinbacher (1967} suggested that there
may be a disulfide (S-S) interchange during hardening which causes a
repositioning of the S-S bonds in a manner that thermal stability of
fraction 1 protein increases. Possibly, heat hardening of higher plants
increases the resistance of their proteins to the denaturating action of
various agents other than heat per se (Lomagin et al., 1963).
ﬂgﬁased on the assumption that heat hardening results from an in-
creaséd resistance of preteins to heat, Langridge and McWilliam {1957}
suggested the following three classes of molecular mechanisms: (1) that
hardened cells have their protein protected by an increased concentra=-
tion of antidenaturants, (2) that change in protein structure increases
their stability, and (3} that hardening cccurs in plants able to accel-
erate their rate of protein synthesis at high temperatures.

Ancther popular theory of heat hardening is that cells of heat

resistant organisms possess protective factors or substances. Laude



(1939) reasoned that the photosynthetic production of organic material
suggests itself as an explanation for the increased heat resistance of
plants. This argument was supported by Petinov and Molotkovsky (1959)
and Schroeder (1963) whose data suggest an accumulation of substances,
such as organic acids, which provide protection against extreme tempera-
tures. Plants treated with organic acids showed much less evidence of
heat damage (Petinov and Molotkovsky, 1959; Emmerikh, 1973). Treatment
of tomato plants with adenine after the onset of flowering markedly in-
creased their resistance to high temperatures (Emmerikh, 1973). Lang-
ridze and McWilliam (1967) believed that high temperature-induced
defects can be circumvented by nutritional supplementations such as the
addition of biotin or sucrose.

Coffman (1957) concluded that heat resistance is a heritable
trait in ocats, and it is recessive to susceptibility. He speculated
that possibly three factors are involved in the inheritance of heat
resistance. In general, the genetic basis of an organism's adaptation
to climate rests on a coordination of very many, if not all, of the con-
stituent genes (Langridge, 1963a). The genetic ability to resist the
injurious effects of extreme temperatures is believed to rest on a buf-
fering phenomenon called "homeostasis" (Langridge and McWilliam, 1967).
Any new molecule resulting from a change in environment requires a shift
and adjustment in genetic background. The environment influences the

selection of alleles and gene combination.



MATERIALS AND METHODS

Experiments I and II were conducted in a quonset style fiberglass
greenhouse during the summers of 1977 and 1978, respectively. Experi-
ments IIT, IV and ¥ were field experiments conducted at the University
Agronomy Farm, Lincoln, with a Sharpsburg silty-clay loam s¢il, during
the summers of 1977, 1978 and 1979, respectively. RS 671 (Redlan x Tx

415), an open-pedigree temperate-adapted grain sorghum [Sorghum bicolor

([..) Mocnch) hybrid, having a medium-late maturity, was used in each of
the experiments.

Experiment I

RS 671 grain sorghum seed was sown in a 1:1:1 sandivermiculite:
peat medium in 10-liter plastic pots. Six seeds were sown in each pot
but later thinned to two plants per pot at about two weeks after emer-
gence, Those retained were considered the most vigorcus and representa-
tive seedlings. Plants received daily watering and a modified Hoagland-
Arnon nutrient solution (C. Y. Sullivan, personal communication; Appendixj
Table Al) on alternate days. Adequate moisture level was maintained in
the rooting medium during the growth cycle in order to eliminate soil
drought which would otherwise confound with temperature treatments.
Tillers were removed as they appeared and only main shoots were allowed
to grow. Pricr to treatment application, plants with uniforim growth and
vigor were selected as experimental units. A "Tempscribe" temperature

recorderl was placed in the center of the experimental area to

lManufactured by Bacharach Instrument Co., Pittsburgh, PA.
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continuously record ambient air temperatures (Appendix Table A2).
Plants received one spray of "Carzol" 3P., an acaricide, at the rate of
1 tablespoonful per 4.5 liters of water for spider-mite control at the
soft-dough stage.

Pots to be used for the experiments had their plants individually
tajgeged and arranged on benches in a randomized complete block design
{Cochran and Cox, 1957) with each plot representing a treatment replica-
tion. 3pacings between plants and between greenhouse benches were 30 cm
and 1 m, respectively. Ten replications were used in this experiment.

At periodic intervals, plant samples were taken from extra pots
and growing points dissected and examined under a microscope to deter-
mine the phenological growth stage reached, a procedure similar to those
described by Friends (1965), Taylor and Frey (1972) and Lee et al.
{1974}, Elevated night temperature treatments were initiated when plants
had recached floret differentiation (FD) stage--the appearance of pistil
and stamen primordia; night temperature treatments imposed being 26.5
and 32 C air temperatures for 12 hr, between 20:00 hr and 08:00 hr the
next morning. In order to impose these temperatures, plants to be
treated were removed from benches and arranged at designated areas
inside the grecnhouse just prior to the start of treatment application
each evening. The ten pots (replicates) for =ach temperature treatment
were set together and covered with a 1,08 m x 1.12 m x 1.08 m clear
plastic movable chamber, similar to those described by Peters et al.
(1971). Clear plastic was used so that light quality reaching plants
during early sunrise would be altered only at the barest minimum. Tem-

perature treatments were effected by means of thermostat-controlled
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heat boxes consisting of blowers (fans} forcing hot air from two cone
heaters (made of resistance wires) into the plastic enclosure via a
dryer hose. The heat box model resembled that described by Maun et al.
(1969). Connected to each heat box was a calibrated thermistor placed
among plants enclosed inside the\plastic chamber for air temperature
regulation. At 08:00 hr each morning, plants treated the previous night
were returned to the benches where they remained until the following
evening when temperature treatment was again imposed. Precaution was
taken to see that pots were rotated each evening prior to start of
treatment to alleviate any position effects, Heat boxes were checked at
periodic intervals for adequate precision and efficiency.

The experiment consisted of 11 treatments {including a check)
composed of various combinations of five growth stages (phases) and two
higher-than-ambient night temperatures (26.% and 32 C). Commencing at
floret differentiation stage, plants were subjected to these tempera-
tures for four consecutive nights up till bloom. This gave four 4-day
periods receiving temperature treatments. In addition, a 16-day period
from Floret differentiation througn bloom was included among growth
stages involved in this experiment. Described below are the five dif-
ferent growth periods during which the two eclevated night temperatures

were imposed:



L . @ Treatment Duration
Stage Description (no. of nights)
1 PD{I} tthED(ﬁ’ 4
P FD(SJ thru FD{B} 4
3 FD{Q! thru FD(IZ} 4
4 FD{IB) thru Bloom 4
5 FD thru Bloom 16

“Numbers in parentheses are the numbers of days after floret dif-
ferentiation (FD) when temperature treatments were initiated or
terminated.

Each plant was dated for time of panicle emergence (heading), of
bloom and of physiological maturity (appearance of blacklayer). Time of
blacklayer formation was used as an index of physiological maturity
according to Eastin et al. (1973). At the bloom stage, one of the two
plants in the pot was sampled for dry weight and total leaf area determi-
nation. Leaf area was measured with a Li-cor Model 3100 belt-type area
meter.2

Harvested plants were then dissected into leaf laminae, sheaths,
stems and panicles and dried in a drying oven at 105 C for 72 hr. Dried
plant samples were weighed with a "Sartorius" Model 2354 electronic top-
loading balance. Plant height, panicle length and panicle exertion were
other growth attributes measured at the bloom stage.

Total above-ground dry weight and dry weights of leaf laminae,

sheaths, stems and panicles were also determined at physiological

maturity in addition to measurement of plant height and panicle length.

2Manufactured by Li-cor Instrument Corp., Lincoln, NE.
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At that peoint, roots were carefully extracted from pots and washed free
of extranecus matter. Root samples were later dried in an oven and
their dry weights determined by a procedure similar to those described
earlier.
Analyasis of plant growth consisted of taking leaf area, plant dry
weipht and height, panicle length and exertion, and root dry weight

determined at bloom and/or at physiological maturity.

Leaf growth and expansion were determined on the basis of specific .

leaf area (SLA)}, leaf weight ratio (LWR), leaf stem ratio (LSR) and leaf
arca ratio (LAR) derived from formulae described by Friend et al. (196%)

as follows:

l} _ leaf area/plant
~ leaf dry weight/plant

Specific leaf area {dm2 g

1) - leal dry weight
" total plant dry weight

Leaf weight ratio (g g

) . 2 -1 leaf area
Leaf area ratio (dm™ g ) fotal plant dry weight

1]

-1 leaf dry weight

) = stem dry weight

Leaf stem ratic (g g

Plant development was assessed on the basis of number of days
from seedling emergence t¢ panicle emergence (heading), to anthesis
.{bloom}, to physiological maturity (blacklayer formation) and duration
of grain fill (G3=3). These attributes were determined on individual
plant basis for a more reliable determination.

After panicles had been harvested, they were dried in an oven at.
100 C for 72 hr before being weighed and threshed singly. Yield and |

- yield components considered in the experiment were panicle dry weight,
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grain yield/plant, number of grains/head, seed size (1000-seed weight),
threshing percent, number of primary panicle branches/head and grain

growth per GS-3 day (defined below).

grain yield/plant (g)
duration of GS-3 {days)
1 l)

grain growth/GS5-3 day =
(expressed as g grain plant™ day~
Data analyses were accomplished by conducting a separate analysis
of variance (ANOV) for each variable in a factorial design where tem-
perature and growth stages were main effects. Tests of significance
were done using F-tests at both 5% and 1% probability levels. Associ-
ations existing between various pairs of variables were determined by
means of tests of correlation using partial correlation coefficients at
5% probability level. Mean comparisons among the various growth stages
were accomplished using the Duncan's multiple range test and test of
least significant difference (L3D) described by Steel and Torrie (1960).
Those comparisons were done in order to determine the relative sensi-

tivity of the various plant growth stages to the two elevated night tem-

peratures imposed on the sorghum plants.

Experiment 11

The various procedures employed in this greenhouse experiment,
conducted in the summer of 1978, were identical to those described for
Experiment 1 above with the exception of a few details. More variables
were measured in this experiment in addition to those included in

Experiment I,
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Procedures adopted for plant culture were the same as those used
in Experiment I except that there were eight pots (replicates) per
treatment in this particular experiment. At about 3 1/2 weeks after
emerygence, "dy-syston," a granular, systemic insecticide was applied
against aphids. Two applications of "Carzol" SP were also given for
spider-mite control. Appendix Table A3 contains the ambient tempera-
tures recorded within the greenhouses during experimentation.

There was a total of 19 treatmerits comprised of combinations of
nine different growth stages and two elevated night temperatures (26.5
and 32 C) in this experiment. Treatment application was started at the
panicle initiation (P1) stage and continued for sets of fine consecu-
tive nights through five days after bloom. This made up six 5-day
treatment periods (growth stages). Three additional longer duration
prowth stages (periods) also included in this experiment were (1) the
first half of GS-2, i.e.,, PI through floret differentiation (FD); (2)
the second half of GS-2, i.e., FD through bloom; and (3) the entire GS-2
period, i.e., PI through bloom. The nine various growth stages (periods)
during which the two elevated night temperatures were imposed are indi-

cated below:
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e "
1 PI 1y thru PI g 5
2 PT ¢y thru PI{IU} 5
3 o PLyy,y thru PT g, 5
4 PL 16y Ehru PL ., 5
> Pl o1y throu Plis, 5
® P(26) thru FI 5, 5
7 PI thru FD 13
8 FD thru Bloom 13
9 PI thru Bloom 26

qNumbers in parentheses are the numbers of days after panicle
initiation when temperature treatments were commenced or terminated.

Plant growth and development were characterized by measurements
similar to those employed in Experiment I. The gross plant growth rate
over the entire growth cycle, representing the average plant dry matter

accumuwlation above ground, was determined using the following formula:

total plant dry weight
no. of days from emergence to maturity

Plant growth rate (g day‘l) =

It was realized that this was a gross simplification of plant growth rate
determination and the linearity of plant growth throughout its entire
life cycle was assumed. The rate of leal senescence was estimated from
the number of green leaves present on the plant at physiclogical maturity.
The duration of panicle expansion (GS-2) was determined by the number of
days between panicle initiation and bloom, as per the terminology of

Eastin (1972), GS-2 is considered to be a critical growth period since



potential for seed number is set then. Harvest index, a measure of
plant efficiency, was determined in this experiment through the rela-

tionship indicated below:

grain yield/plant
total plant dry weight

Harvest index =

The inclusion of harvest index as one of the variables measured in this
study was justified by the fact that it integrates many responses of the
plant to its environment throughout the whole growth cycle. Grain yield
and various yield components considered in Experiment I were measured as
well .,

Data analyses closely followed the statistical procedures pre-

vicusly described for Experiment 1.

Experiment III

This field experiment was conducted at the University Agronomy
Farm, Lincoln, in the summer of 1977. Its design, scope and objectives
were essentially the same as those for Experiments I and II described
earlier,

The experiment was planted in 0.75%-m (30-in) rows on May 5.
Prior to planting, 130 1b/A of N was soil incorporated in the experi-
mental area in the form of ammonium nitrate. And, at about three weeks
after emergence, plant stands were thinned, leaving 15 cm (6 in) between
plants to give a plant population of approximately 86,000 plants/ha.

A completely randomized design with 17 treatments replicated 10
times was used in this experiment. The treatments were composed of

eight growth stages (periods) and two elevated night temperatures (26.5
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and 32 C). The elevated night temperature treatments were applied by
supplying regulated heat from the same heat boxes used in Experiments 1
and II.

There were 10 plants per plot, plants being selected on the basis
of size and vigor uniformity, with each representing a treatment repli-
cate, A "Tempscribe" temperature recorder was placed in the middle of
the experimental area to continuously record ambient air temperatures
(Appendix Table A4). This was in addition to climatolegical data of the
site extracted from Nebraska Climatological Data (published by National
Climatic Center, fsheville, North Carolina; Appendix Tables A5 and A6)}.

Starting from about 8-10 leaves stage, plant samples were taken
from plots at periodic intervals for phenological growth stage determi-
nation by the procedure described in Experiment I. Night temperature
treatment was initiated when plants had reached floret initiation stage
(FI}, a few days past panicle initiation. Plots were covered with 1.08
mx l.12mx 1.08 m clear plastic chambers and hot air blown from heat
boxes onto plants enclosed within these chambers. Each nightly treat-
ment application lasted from 20:00 hr through 08:00 hr the next morning,
a period of 12 hr. Plastic chambers were kept cutside the plots during
daytime when plants were exposed to normal field environment., Heat
boxes were checked periodically for temperature precision and performance.

Treatment application during each growth stage lasted for four
consecutive nights starting from the floret differentiation stage until
bloom, giving five 4-~day treatment pericds. Additional longer treatment
durations (periods) included among the treatments were (1) floret initi-

ation through [loret differentiation, (2) floret initiation through



47

bloom, and (3) floret differentiation through bloom. A1} the treatment

periods were within GS-2 period as per the schedule below.

Stage Descriptiona Treatment Dgration
{no. of nights)
1 _ FIL thru FD 5
2 | FI thru Blcom 25
3 ' FD thru Bloom 20
4 FD(l} thru FD(q) 4
5 FDc, thru FD g 4
6 FD{g) thru FDll2) 4
/ FD(13) thru FB g ‘
8 FD{lT) thru FD(2OJ 4

aNumbers in parentheses are the numbers of days after floret dif-
ferentiation when the temperature treatments were initiated or
terminated.

Plants were singly tagged for records of dates of panicle emerg-
ence, of bloom and of physiological maturation. Duraticns of panicle
expansion (G5-2) and grain fill {(G3-3) periocds were computed from dates
of phenclogical event=. Plant height and panicle length were measured
at physioclogical maturity, while stover dry weight was determined after
harvest. J5tover dry weights on a per plant basis were cbtained after
drying harvested stovers in an oven at 105 C for 96 hr.

About a week after plants had reached physiclogical maturity,
panicles were harvested, dried at 100 C for 72 hr and then singly

weighed and hand-threshed. Yield-related attributes measured included

panicle dry weight, grain yield/plant, number of gralns/head, seed size
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(1000~seed weight} and harvest index. The average plant metabolic effi-

ciency {sink activity) was estimated from the grams of grain accumulated
per plant per day during grain fill (GS-3) pericd.

Data collected were statistically analyzed using the various pro-

cedures described for Experiment I.
Experiment IV

This field experiment was conducted at the University Agronomy
Farm, Lincoln, in the summer of 1978 and was planted with RS 671 grain
sorghum on May 206. |

A split-block design (Federer, 1955) with various temperature and
growth stage combinations as the whole-plots and precondition/no precon-
dition as the subplots, was used in this experiment. Eleven main treat-
ments were randomized within the whole=block at three replications. A
whole-plot consisted of two 0.75 m rows, 1.5 m (5 ft) long. Plant
stands were thinned to desired spacing, 12.5 cm (5 in) apart, at two
weeks after emergence. The plant density was approximately 105,000
plants/ha (42,000 plants/A). The experimental area received 148 kg/ha
of N in the form of ammonium nitrate soil-incorporated ﬁrior to plant-
ing. A pre-emergence application of 5.7 kg/ha of ramrod/atrazine was
#iven on the day of planting as a weed contrcl measure. Plots also
received periocdic hand-weeding to maintain a weed-free condition during
the growing season.

At about two weeks after seedling emergence, a “Tempscribe® tem-
perature recorder was placed in the middle of the plots to continuously

record ambient air temperatures for the duration of temperature treatment
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(Appendix Table A7). Climatic data for the site were also extracted
from Nebraska Climatological bata (Appendix Tables AB and A9). Periodic.
sampling of plants for microscopic examination of growing points to
determine phenological growth stage (described in previous experiments)
was initiated at about three weeks after emergence and continued until
floret differentiation {the appearance of pistil and stamen primcrdial).

In order to effect heat preconditioning ("heat hardening"),
plants in cone of the Ltwo rows in each plot were expesed to 40.% C tem-
perature for 1 hr, for two consecutive days, followed by exposure to
46 C for 1 hr for ancther two consecutive days, beginning at three weeks
after emergence (i.e., in the vegetative growth phase). Oblong 1.8 m x
0.6 m x 0.6 m (72 in x 24 in x 24 in) clear plastic structures {(enclo-
sures) were used to cover the rows of plants to be "heat-hardened™ and
heat was blown into these enclosures from thermestat-controlled heat
boxes, previously described in these investigations. Consequently, only
one row of plants in each plot was heat-preconditioned; while the other
row was not.

Application of the two elevated temperatures began when plants
reached the panicle differentiation stage {appearance of primary paniclé
branch primordia). The wmalin treatments were combinations of two ele-
vated night temperatures relative to the ambient (5 C above-ambient and
10 C above-ambient) imposed during each of five various 7-day growth
stages (periods} starting at panicle initiation through the seventh day

after bloom. The schedule of treatment application is as follows:
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Stage Descriptiona Tr?ﬁzTegi gggﬁti?n
1 PI(I] thru PI{?) 7
2 PI{S] thru FD T
3 FD{l) thru FD(T} 1
4 FD (g) thru Bloom 7
5 Bloom(l] thru Bloom(7) 1

“Numbers in parentheses are the numbers of days after panicle
initiation (PI), floret differentiation (FD) or bloom when temperature
treatments were commenced or terminated.

Each nightly treatment was applied from 20:00 hr through 08:00 hr
the next morning, a period of 12 hr. To apply the elevated temperatures,
movable 1.75 m x 1.05 m x 1.05 m (70 in x 42 in x 42 in) clear plastic
chambers were placed over plants in plots to receive the temperature
trcatments. Portable thermostat-contreolled electrical heat boxes were
used to continuously elevate air temperatures around the plants % C or
10 C above the prevailing ambient air temperature. Ambient temperature
refers to the air temperature outside the chamber. Two calibrated ther-
mistors were installed on each heat box; one of which was placed within
the plant canopy inside the chamber, while the other was placed outside
the chamber to monitor the ambient air temperature. The circuit system
of the heat boxes was constructed such that the heat supplied by the
resistance-wire cone heaters can be continuously thermostat-regulated to
maintain 5 C or 10 C temperature above the ambient temperature. The

heat boxes were calibrated to supply heat to keep the temperature within

the chambers at 5 C or 10 C above ambient but could be calibrated for
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any desired differential. The two elevated night temperatures can be
referred to as ambient +« 5 C and ambient +« 10 C temperatures.

Data obtained and analyzed were predominantly attributes of grain
yield and plant growth. Yield attributes considered in this experiment
include panicle dry weight, grain yield/plant, number of grains/head,
seed size {1000-seed weight) and metabolic efficiency (sink activity).
Plant growth and development parameters determined were number of days
from seedling emergence to panicle emergence (heading), to anthesis
(bloom) and to physiclogical maturity (blacklayer formation}; durations
of G5-2 and GS-3 perieds; and plant height and panicle length at bloom
stage.

Analysis of variance procedure and orthogonal comparisons were
used to test treatment significance using F-tests, Partial and general
correlation coefficients between various pairs of variables were deter-
mined to test associations at the 5% probability level. Duncan's multi-
ple range test and the test of least significant difference were em-

ployed for mean comparisons, also abt the 5% probability level.
Experiment V

This field experiment, conducted at the University Agronomy Farm,
Lincoln, in the. summer of 1979, was identical to Experiment IV in many
respects. Although results from the previocus year's cxperiment {Experi=-
ment IV) indicated significant responses of yield and growth attributes
to various treatments, it was deemed necessary to repeat the experiment

and include more detailed physiological studies in this experiment.
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Seed was sown on June b along 0.75% m rows and plant stands thinned
to 10 cm {4 in) apart at two weeks after seedling emergence, giving a
plant density of approximately 130,700 plants/ha (52,300 plants/A). The
experimental site received 143 kg/ha of N applied preplant as ammonium
nitrate. A pre-emergence application of 6.7 kg/ha of ramrod/atrazine
was given on the day of sowing, as a weed control measure. However,
plots also received a few occasional hand-weedings during the season to
keep them relatively weed=-free. The experimental design and layout used
in this experiment were similar to those adopted in Experiment IV, with
each plot containing twe 0.75 m rows and 1.5 m in length.

Plant phenclogical growth stages were determined by the same pro-
cedure as that used in Experiment IV and similarly, temperature applica-
tion was commenced at panicle initiation stage. Heat preconditioning
("hardening"} was effected by exposing plants to sublethal high tempera-
tures starting from the 24th day after seedling emergence and following
the same procedure employed in Experiment IV. In addition, 12 extra
plots, each alao consisting of one heat-preconditiconed and one non-heat
preconditioned rows, were devoted to laboratory heat tolerance tests
{Sullivan, 1472), which represented tests of membrane thermostability.

The application of the two elevated night temperatures (% and
10 C above ambient) in this experiment followed exactly the procedure
described earlier for Experiment IV, with the nightly treatment duration
and growth period interval being identical. The treatment schedule for
temperature application entailed five 7-day growth stages {periods) from
panicle initiation stage through the seventh day after bloom. Each

treatment growth periocd had a duration of seven consecutive nights of
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12 hr as in Experiment IV. During the duration of treatment applica-
tion, i.e., from Pl through bloom + 7 days, the relative humidity of air
within the plastic enclosures was recorded with a "Durotherm" hygrome-
t.er'3 at 08:00 hr in the morning and at 20:00 hr in the evening (Appendix
Table Al0). The ambient air temperatures within the plots were also
continuously recorded with a "Tempscribe" temperature recorder (Appendix
Table All).

Growth and yield related data obtained and analyzed on this
experiment were the same as those determined on Experiment IV. However,
some plant physiological measurements such as cell membrane theﬁnosta—
bility, leaf 002 assimilation and kernel growth (sink activity) were

made. These physiological studies are described in detail as follows.

Cell Membrane Thermostability

A temperature-mediated leaf injury laboratory technique developed
by Dexter et al. (1932) and modified by Sullivan (1972) was used to
measure heat tolerance differences between heat hardened and non-hardened
plants at various intervals during the growing season. This technique
essehtially measures the heat stability of cell membranes {Specht et
al., 1977).

Twelve plots, each containing two rows, were used for the study.
Each plot represented a treatment replication, with one row of plants
heat hardened, while the other row of plants was the control. There
were, therefore, 12 replications used for the treatment in this heat

tolerance study.

3Manufactured by Abbeon Cal., Inc., Santa Barbara, Calif.
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Leafl disc electrical conductivity method was used to determine
heat tolerance levels on five dates at weekly intervals., The five dif-
ferent test dates represented the following growth stages: (1) floret
initiation stage (PI + 7 days), (2) floret differentiation, (3) boot (FD
+ 7 days), {(4) bloom and (5) milk stage (bloom + 7 days). The stepwise
leaf disc electrical conductivity procedure is described as follows:
1. Twenty leaf discs, 1 cm in diameter, were cut with a
leaf disc cutter (a cork borer would do just as well).
2. Leaf discs were cut from laminae only (avoiding mid-
ribs) of the 2nd fully expanded leaves, counting from
the top, from about eight plants.
3. Two sets of 20 leaf discs were required--one set for
control and the other set for heat treatment.
4. Leaf discs were placed in deionized water in test
tubes immediately after cutting.
5. Leaf discs were thoroughly washed in deionized water
for two hours, with four changes of water.
6. Water was then drained from test tubes but ensuring
that leaf discs remained moist, and test tubes were
covered with plastic wrap.
7. One-half of the test tubes (i.e., one set) were kept
in a 53.5 C water bath for 15 min to effect heat
treatment. The second set of tubes (controls) were
held at room temperature (about 25 C) during that

15-min period.
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8. The heated tubes were allowed to cool after which 30
ml of deionized water was added to each test tube,
i.e., both the heated and the contrecl tubes.

9, The tubes were held overnight in a 8 C incubator.

10. The next morning, each tube was shaken thoroughly with
a test tube shaker, then placed in a 25 C water bath.

The duration of shaking should be kept fairly uniform
among the samples as this could influence heat injury
levels {Onwueme, 1979),

11. When solutions in test tubes reached 2% C, their elec-
trical conductivity was measured with a model RC 1632J
conductivity bridge.

l2. The tubes were then covered with plastic wrap and
placed in a 80-90 C autoclave for 15 min bto kill the
cells.

13. The tubes were allowed to cool in the rocm.

14, The test tubes were later placed in a 25 C water bath,
and the conductivity of the solutions measured a
second time when they had equilibrated at 25 C.

Since all measurements were in terms of resistance to current flow

through the various solutions, resistance readings were converted to
conductivity values, on the basis of the inverse relationship between

these two properties, thus:

1

conductivi ty = m



56

The formula used for calculating percent heat injury (sensitivity) from
conductivity readings is as shown below (C, Y. Sullivan, personal com-

munications):

T

1 ~ ==

T2

% Heat Injury = 1 = c x 100

1

I = -2

€2
where, T1 = lst conductivity reading of treated sample before killing
T2 = 2nd conductivity reading of treated sample after killing
Cl = lat conductivity reading of control sample before killing
C2 = 2nd conductivity reading of control sample after killing

Paired comparisons using the Student's £ test (Steel and Torrie,
1960} were employed to compare means of percent heat injury between heat
hardened and control plants. The heat tolerance {membrane thermosta-
bility)} levels at different growth stages (test dates) were compared
across the growth cycle, and thus the relative heat sensitivity of vari-

ous critical growth stages to heat stress.

Carbon Dioxide Exchange

Carbon dioxide exchange measurements were done on intact sorghum
leaves in the field on the third day after the termination of each 7-day
treatment duration. Gas exchange measurements esasentially measured the
photosynthetic rates of leaves after exposure to elevated temperaturas
- (ambient + 5 C and ambient + 10 C). The main objectives of this study

were to evaluate the response of the photosynthetic system to elevated
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night temperatures and to investigate the effect of heat hardening on
the response of this system to elevated temperatures,

Gas exchange measurements were accomplished with an infrared gas
analysis system described by Clegg and Sullivan (1976), Sullivan et al.
(1976) and more recently by Clegg et al. (1978). This is a portable
small chamber {ield system of sampling followed by laboratory gas
analyses.

Carbon dioxide exchange in sorghum leaves was measured by enclos-
ing the middle portion of the second fully expanded leaf (counting from
the top) in a portable 2.18-liter plexiglas assimilation chamber.

Inside the assimilation chamber were installed two small, battery-oper-
ated fans which properly mixed air inside the chamber. The second fully
expanded leaf was chosen for the single-leaf C02 fixation measurement
based on the fact that Fischer and Wilson (1971) claimed that 75% of
grain sorghum yield was assimilated by the upper four leaves. Measure-
ments were made between 11:00 hr and 13:00 hr from six randomly selected
plants per plot; that is, three heat-hardened and three non-hardened
plants. About 8 cc each of initial and final air samples were drawn
from the assimilation chamber with lubricated glass syringes and the
needles quickly stoppered with Teflon caps. The time interval between
the initial and final air sampling was 20 sec. Class syringes contain-
ing air samples were stored in a Styrofoam insulation box in which they
were conveyed to the laboratory for analysis. The dimensions of intact
leaf sections enclosed in the assimilation chamber were measured and
their areas determined. At regular intervals during the duration of

air sampling from leaves in the field, ambient air temperatures were
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measured with an Atkins model 23463-10 electronic thermometer“ and
photosynthetically active radiation (PAR--within the range of 400-700
nm) was also measured with a Li-cor model LI-185A quantum radiometer.5

Samples were quickly conveyed to the laboratory where the con-
centrations of C02 in them were determined. The difference in the CO2
concentrations of the initial and the final air samples is a measure of
the amount of CD2 taken up by the leaf section as photosynthetic fixa-
tion, From this, the photosynthetic rate of the leaf per unit area and

¢ hr'l) was determined. The €O, exchange formula of

time (mg CO, dm~
Eastin and Sullivan (1969) was employed to determine rates of leaf

photosynthesis as shown below:

Net photosynthetic rate (expressed as mg CO, dm™~° hr_l} =
chamber
44,000 mg CO, mole x 1077 x volume x A ppm co,, sec™! x %%g X %%% X 3600
(liters)

leaf area Idmz)
where, chamber volume = 2.18 liters,

A ppm = (ppm CO2 initial sample - ppm 002 final sample)

divided by 20 sec,
T = ambient temperature in DK,
atm = atmospheric pressure (mm Hg),
3600 = conversion factor from sec to hr.
Leaf photosynthetic rates were measured on three plots (replica-

tions) of the two elevated night temperature treatments and the control.

[
Manufactured by Atkins Technical Inc., Gainesville, FLA.

SManuPactured by Li-cor Instrument Corp., Lincoln, MNE.
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Since there were s8ix measurements on each plot, there was a total of 18
single-leaf measurements from which temperature treatment means were
determined. Means for the heat preconditioning vs no preconditioning
were determined from nine replications. Data obtained were statisti-
cally analyzed to compare photosynthetic rates among two elevated night
temperatures and the control and between the heat-hardened and the non-

hardened plants.

Grain Dry Matter Accumulation

Measurement of kernel growth was undertaken to partially evaluate
the plant's metabolic efficiency in terms of dry matter partitioning to
the grains (sink). In sink activity evaluation factors to consider are
the weight per grain (mg), a function of assimilate translocation; sink
efficiency, reflected partly by grain growth rate (mg dayﬂl); and the

1 day"l} which relates to sink strength

relative grain growth rate (mg mg
Spiertz, 1974). The main objectives of this study were to determine
Lhe effect of elevated night temperatures imposed during panicle expan-
sion (G5-2) on kermel growth during grain fill (GS5-3) and also to com-
pare among the various growth stages with regard to temperature effects
on the plant's metabolic efficiency (sink activity).

The study basically entailed repeated sampling of kernels from
single heads by a procedure which was a modification of that developed
for corn by Duncan and Hatfield (1964). Attributes of kernel growth
measured in the study included: (1) kernel dry weight (mg), (2) kernel

1 1 -1

growth rate (mg day ), (3) relative kernel growth rate (mg mg ~ day ),

and (4) average duration of kernel growth (days).
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Plants were tagged for tip-bloom and full-bloom dates and from
these three plants having identical tip-bloom dates were randomly use-
lected in each of the two rows of every plot in two reps. Plants having
identical tip-bloom dates were selected to ensure that kernels extracted
from panicles would be reasonably identical in age. Starting from the
tenth day after tip-bloom, when kernel development was obvious, one
primary panicle branch in the middle portion of the panicle was har-
vested from each of the three designated plants in each row. Spikelet
samples were taken to the laboratory where kernels were extracted from
them. Fifty kernels were then randomly selected from each 3-spikelet
sample and placed in a 6.25 cm x 11.25 cm coin envelope. Kernel samples
were dried in a ventilated oven at 70 C for 48 hr and kernel dry weights
determined by weighing dried kernel samples on a Mettler type HL% bal-
ance. Kernel samplings were done at weekly (7-day) intervals through
the seventh day after physiological maturity (blacklayer formation).

From kernel dry weight data for the various sampling dates, kernel
growth attributes considered in this study were determined through mathe-

matical computations as follows:

dry weight of kernels
number of kernels

Kernel dry weight (mg) =

1] B kernel DWo - kernel DWy, _ ADW
tz - tl At
kernel DW, - kernel DW)

(tz-tl} x (kernel DHiTF

Kernel growth rate (mg day~

Relative kernel growth rate =

(expressed as mg mg~t day-ll
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where, DHl = initial dry weight (at tl},
DH2 = final (or succeeding) dry weight (at tzi
ADW = dry weight differential between two succeeding sampling
dates,
tl = initial sampling date,
t2 = final (or succeeding) sampling date,
At = time interval (days) between two succeeding sampling dates.

Kernel growth duration was estimated as the time interval (in days)
between the start of grain fill and when kernels ceased to increase in
dry weight with time (blacklayer).

Data obtained were analyzed on separate sampling date basis.
Temperature and growth stage means were compared for each of the vari-
ables measured using the Duncan's multiple range test and the test of
least significant difference at the 5% probability level after tests of
treatment significance had been done with F-tests at the 1% and 5%

probability levels.



RESULTS AND DISCUSSION

Experiment I

The main objectives of this greenhouse experiment were to deter-
mine the response of *'RS 671' grain sorghum to elevated night tempera-
tures (26.%5 and 32 C) with respect to yield and plant growth and to
determine Lhe specific most critical growth stapels) during panicle
development when grain sorghum is most vulnerable to elevated nipht

temperatures.

Yield and Yield Components

Analyses of variance for grain yield and its components indicated
significant effects of the two elevated night temperatures (26.5 and
32 C) and the various growth stages when temperature treatments were
imposed (Table Al2). Highly significant temperature x growth stage
interactions were also observed for the various yield-related attri-
butes, indicative of some influence of temperature level on the response
of some of the various growth stages to elevated Lemperatures. There
were significant effects of temperature treatments on panicle dry
weight, grain yield per plant, number of seeds per panicle, and number
of primary panicle branches but not on 1000-seed weight nor threshing
percent. However, the effects of growth stages and the temperature x
growth stage interactions were highly significant for all these vari-
ables. Also, the control (ambient) differed quite significantly from
the two temperature treatments with regard to all these variables, with

the exclusion of 1000-seed weight and number of primary panicle branches.



The two elevated night temperatures (26.5 and 32 C) imposed on
grain sorghum plants for short (4-day) periods caused significant reduc-
tions in panicle dry weight, grain yield per plant, number of seeds per
panicle and grams of grain/G5-3 day/plant (Table 1). Although there was
no significant difference between the ambient and the 26.5 C temperaturc
treatments with regard to 1000-seed weight, the 32 C temperature treat-
ment significantly increased seed weight by approximately 12%. It was
observed thal approximately 19%, 21%, 24% and 20% reductions from the
ambient were caused by the 32 C treatment for panicle dry weight, prain
yield per plant, seed number per panicle and grams of grain/G5-3 day/
plant, respectively, with much lower reductions being observed for the
26.5 C treatment (Table 1). The brief four-day period of elevated
night temperature during G5-2 caused surprising reduction in yield and
shifts in yield components of grain sorghum. Sullivan et al. (1977) had
earlier shown that a very short environmental stress may have a very
marked influence on the performance of a plant throughout its life
cycle. Average ambient temperatures inside the greenhouse during the
various growth stages were for, all practical purposes similar (Table A2).
Thus, comparisons made among these prowth stapges regarding their rela-
Live responses to the two elcvated night temperature treatments could be
considered appropriate. Comparable degree of grain sorghum reduction
was reported by Eastin (1976) having observed yield reduction of about
25% for two hybrids when night temperature was elevated by 5 C above
near optimum. The reduction in seed number also observed as temperature

was increased closely related to yield reduction.
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Table 1, Panicle dry weight, grain yield/plant, number of seeds per
panicle, 1000-seed weight and grams of grain/GS-3 day {aver-
aged over growth stages) of RS 671 grain sorghum as influenced
by two night temperatures: Greenhouse Experiment I, 1977.

-

Temperature Treatment

LSD

Control®  26.5 ¢t 32.0 ¢l (.05)

Panicle dry weight . 52.3 48.2 42,3 3.09
(1) {(7.8) (19.2)

Grain yield/plant (g} 43.7 39.1 34.6 2.84
(10.7) (20.9)

Seeds/panicle 2061 1928 1517 113.5
(6.5) (23.8)

1000-seed weight (g) 21.64 20.77 24,28 1.37
(~4.0) (+12.2)

Grams grain/GS-3 day 1.34 L.22 1.10 .09
/plant {g/day) (8.3} (20.0}

S —

1 ) .
Values in parentheses are percent reductions from controls
except in the case of ssed size where one represents percent increase
from control.

2 .
Average control {ambient) temperature was 22.5 C.
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When the variocus 4-day growth stages (during which the two ele-
vated night temperatures were imposed) were compared, it was observed
that no significant differences occcurred with respect to panicle dry
weight, grain yield per plant and grams of grain/GS-3 day/plant (Table
2). However, the longer-duration growth stage—floret differentiation
(FD)} throush bloom=—caused significant reductions in these yield-related
attributes, indicative of the significance of duration in temperature
eflects on yield and its componenta. The various f-day growth stages
differed significantly with regard to number of seeds per panicle and
1000-seed weight., Generally, an inverse relationship existed between
seed number and seed weight with seed weight compensating for seed num-
bar reductions in the 4-day treatments. Elevated night temperatures
caused reductions in seed numbers when imposed at earlier growth stages
during panicle development (Table 2). This result was in accord with
the popular view that the potential for seed number in grain sorghum is
determined early in the panicle develpopment (G3-2) period. And, since
the potential for gseed size (weight) is a later-determined trait, the
relationship between zeed size and pgrowth stage was a reversal of that
for seed number and growth stage; greater seed weight reductions having
cccurred for later-=coccurring growth stages than earlierwoccurring ones.
On the whole, a longer temperature treatment duration (from floret qif-
ferentiation through blcom) resulted in greater reductions in yield and
yield components (excluding seed weight) than a shorter treatment

duration.
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Plant Growth and Development

Based upon analyses of variance results and statistical tests, it
was found that both elevated night temperatures and the various growth
stages produced highly significant effects on plant growth and develop-
ment (Table Al3). Besides, there were highly significant temperature x
growth stage interactions, as was the case for yield-related attri-
butes. Number of days from emergence to physiclogical maturity, length
of grain fill (G5-3) period, panicle exertion and plant height were re-
duced significantly by elevated night temperatures (Table 3), but
numbers of days to heading and bloom were net. The higher temperature
level caused reductions in plant growth and development periods. Plant
development appeared to be much less affected by the two elevated night
temperatures than was plant growth; at least, much less noticeable.

Dry matter production by plants and its partitioning was deter-
mined. Elevated night temperature, growth stage and temperature x
growth stage interactions vere significant for dry weights of leaf
sheaths, stem, panicle and aboveground plant total but not on leaf lami-
nae dry weight (Table Al4). Temperature did effect significant changes
in laminae dry weight. The reason why growth stage did not have sipg-
nificant effects on total leaf area and consequently leaf laminae dry
weight could be éxplained by the fact that this parameter was probably
almest fully determined by the time temperature treatments were imposed.
Not too unexpected, however, were greater reductions in dry weights of
leaf laminae, sheaths, stem and aboveground plant total observed for the
higher temperature level (32 C) than either the lower temperature level

{26.5 C) or the control {ambieﬁt). Means for the ambient and for the



Table 3. Numbers of days to heading, bloom and physiological maturity,
duration of grain fill (GS-3), panicle exertion and plant
height (averaged over growth stages) of RS 671 grain sorghum
as influenced by two night temperatures: CGreenhouse Experiment

I, 1977.

Temperature Treatment

- SD Mean
Control® 26.5C 32.0 C (+05)
Days to heading 59.6 59.8 59.7 0.62 5.7
Days to bloom 66.2 65.8 65.2 0.48 65.7
Days to physiological "
mwmy{ 99.1 97.9 96.7 0.69 97.9
Duration of GS-3
(days) 32.9 32.1 31.5 0.81 32.2
Panicle exertion (cm) 16.0 12.8 10.5 .13 j I )
Plant height (cm) 124.0 114.6 107.1 2.52 115.2

1Dar'k layer appearance at tip of basal panicle branches.

znverage control (ambient) temperature was 22.5 C



26.5 C treatment were similar for the various variables. There were
about 12%, 6%, 18% and 15% reductions in dry weights of leaf laminae,
sheaths, stem and aboveground plant total, respectively, from the 32 C
treatment (Table 4).

Temperature effects on root dry matter production and shoot:root
ratio were not significant. However, root dry weights differed signifi-
cantly at different growth stages, and there was a significant tempera-
ture x growth stage interaction (Table AlS). There was a tendericy for
root dry weight to be increased by elevated night temperatures, with
about 20% increase over the control (ambient) under the 32 C treatment
while shoot ratio was decreased by these temperatures. About a 19%
decrease in shoot:root ratio occurred under the 32 C treatment as against
the ambient, suggesting that dry matter partitioning between the shoot
and the roots was significantly influenced by elevated night tempera-
tures.  Apparently, photosynthate partitioning was influenced by ele-
vated nipght temperatures. Polarization of photosynthate away from the
sink (head) could, therefore, partly account for the lower grain yield
observed under elevated night temperatures.

Also, both growth stage and temperature x growth stage interac-
tions were significant for both root dry matter production and the par-
titioning of dry matter between the shoot and the roots (Table Al5).
Mean comparisons for the various growth stages revealed that shoot:root
ratios were not significantly different among growth stages with the
exception of a larger means for the growth stage closest to bloom (l-'l)l_1
to FDlB}' Since root dry weight for the various growth stages differed

appreciably, and the value for F013 to FDI& was the lowest amongst them,
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Table 4. Dry weights of leaf laminae, sheaths, stems, roots, above-
ground total {shoot) and shoot/root ratios (averaged over
growth stages) of RS 671 grain serghum as afflected by two
night temperatures: Greenhouse Experiment I, 1977.

Temperature Treatment

dry weights from those of the control,

L.SD
Control®  26.5 ct 32.0 ¢! (.05)

Laminae (g) 16.02 15.45 14.09 0.91
' {3.6) (12.1)

Sheaths (g) - 9.58 9.65 8.98 0.57
(~0) (6.3)

Stems (g) 20.80 19.33 17.17 1.43
' {(7.07) (17.5)

Root {g) . 9.39 9.30 11.27 1.83
(~0) (20.0)

Aboveground total (g) 102.35 95.18 86,73 5.46
{7.0) (15.3)

Shoot/roct ratio 5. 42 5.58 4,41 0.87
(3.0) (18.6)

1

Values in parentheses are percent reductions (or increases) in

) _
Average control (ambient} temperature was 22.5 C.
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this observation could have been related to an increasing effect on shoot
dry weight and/or a decreasing effect on root dry weight (Table 5). The
longer the application of heat treatment was delayed during GS-2, the

greater were the chances for root dry weight reduction.

Correlations

Table AlG contains partial correlation coefficients between vari-
ous pairus of yield-related variables. Highly significant positive corre-
lations were found between grain yield and panicle dry weight (r= 0.938),
seed number (r= 0.64), seed weight (r= 0.30) and threshing percent (r=
0.67). A highly significant negative correlation was observed between
seed number and seed weight (r= =0.44). The negative relationship be-
tween seed number and seed weight clearly demonstrates why temperature
treatments that bring about fewer seed numbers also produce larger seed
sizes, The reduced seed number ("sink") under such circumstances might
have been less Lhan adequate for the available "source" and hence the
increased seed size observed from smaller-sized panicles.

The correlations between grams of grain/GS-3 day/plant (approxi-
mate metabolic efficiency) and panicle dry weight, grain yield, seed
number, seed weight and threshing percent were also significantly posi-
tive, with correlation coefficients (r) of 0.94, 0.93, 0.64, 0.2% and

0.60, respectively (Table Al6).

Experiment II

The main objectives of this experiment were the same as those for

Experiment I discussed above; however, treatments spanned the entire
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panicle expansion (G5-2) period here. This was in accord with the claim
made by Warrington et al (1977) and Gipson et al (1979) that the GS-2
period is the most temperature-responsive among the three phenological
periods of grain sorghum. Similar reports were also made by Skerman
(1956), Pasternak and Wilson (1969) and Downes (1972).

The analysis of variance in Table Al7 indicates that there were
highly significant effects of temperatures and growth stapges for panicle
dry weight, grain yield per plant, number of seeds per panicle, 1000-seed
weight and harvest index but not for number of primary panicle branches.
The temperature x growth stage interactions were also significant. These
results were consistent with those observed in Experiment I reported
above, with the exception of primary panicle branch number, which was
significantly affected by temperature in the previous experiment.

It is now obvious that plant growth stage can place an important
control on the degree to which high temperatures influence the yield and
yield components of grain sorghum.

Plant growth and development were influenced by main effects of
temperatures and growth stages (Tables Al8 and Al9), but number of days
to physiological maturity and panicle length were not influenced by

either of the two elevated night temperatures.

Temperature Effects

Yield and yield components
Means for the lower temperature level (26.5 C) and those for the
ambient were not significantly different (Table 6). However, these dif-

fered significantly from those under the higher temperature level
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Table 6. Panicle dry weight, grain yield per plant, number of seeds per
panicle, 1000-seed weight and harvest index (averaged over
growth stages) of RS 671 grain sorghum as affected by two
night temperatures: Greenhouse Experiment 11, 1978.

Temperature Treatment
LSD

Control®  26.5 Ct 32.0 ct (+05)
Panicle dry weight (g) 56.3 57.0 52.6 2.74
(1.1) (6.7)
Grain yield/plant (g) 49.9 49.9 46.5 2.59
(0) (6.9)
Seeds/panicle 1973 1932 1612 80.73
(0.5) (18.13)
1000-seed weight (g) 24,08 25.24 29.54 1.22
{(+#6.8) (+22.7)
Harvest index 0.49 0.48 0.46 0.011
(2.0) (6.1)

1Values in parentheses are percent reductions from control
cxcept in the case of seed size where they represent percent increases
from control.

-

z»\ver-.atge control (ambient) temperature was 26.3 C.



(32 C). This observation could be accounted for by the seemingly high
averare ambient night temperatures that prevailed inside the greenhouse
during experimentation (near the 26.5 C level), with a mean of 26.3 C

for the GS-2 period. This, presumably, could partly explain why the
magnitudes of reductions caused by the 32 C treatment were much lower
here than those observed on Experiment I. Another possibility could be
that temperature treatment in this experiment included the entire GS5-2
period, whereas only the latter half of that period was included in
Experiment I. Nevertheless, reductions caused by 32 C treatment were
still significant. And, as usual, a corresponding reduction in seed num-

ber (18%) and increase in seed weight (18%) occurred.

Plant growth and development

There seemed to be a general tendency for numbers of days to
heading, bloom and physiological maturity to be increased by the higher
temperature level (32 C), and this treatment consequently increased the
length of panicle expansion (G5-2) period (Table 7). This result was at
variance with the findings of Eastin (1976) showing a reduction in
panicle expansion period by elevated night temperature imposed through-
out GS5-2 period. Conversely, however, metabolic efficiency (g grain/
G5=3 day/plant) and length of grain fill (GS-3) period were significantly
reduced by the 32 C treatment. These results were in accord with those
Eastin (1976) reported from a growth chamber study. Cinoy (1947), Asana
and Williams (196%5), Wattal (1965) and Peters et al (1971) have also

reported reductions of grain fill period by elevated temperatures.
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Table 7. Days to heading, bleoom, and physiclogical maturity, durations

of panicle expansion {GS«2) and grain fill (GS~3}), and grams

of grain per G3-3 day {averaged over growth stages) of RS 671

- grain sorghum as affected by two night temperatures: Green-

house Experiment 11, 1978,

Temperature Treatment

L5D
Control®  26.5 C 32.0 ¢ £.03)

Heading (days) 5l.9 52.2 53.0 0.54
Bloom (days) _ 56.8 97.2 58.0 G.48
Physiolegical _ .

maturity (days) 87.1 87.1 87.3 0.4L
G5-2 (days) 26.8 27.2 28.0 0.48

S«3 (days) 30.4 29.9 29,2 0.38
Grams grain/G3-3 day 1.65 1.69 1.59 0.69

/plant (g/day)

1Dark layer appearance at tip of basal panicle branches.

2 ,
Average control (ambient) temperature was 26.3 C.



Elevated night temperatures and temperature x growth stage had
significant effects on plant growth as determined through measurement
of plant height and panicle exertion. Both elevated night temperatures
(26,5 and 32 C) significantly reduced plant height and panicle exertion
(Table 8), whereas other measures of plant growth such as total plant
leafl area,; leaf:stem ratio and leaf area ratio were not significantly
affected by temperatures (Table A20). However, specific leaf area
(S5LA) and leaf weight ratio (LWR) were highly significantly influenced
by temperatures and growth stages. Here also, the milder temperature
treatment did not differ from the ambient with regard to their effects
on both specific leaf area and leaf weight ratio, and while the 32 C
treatment decreased SLA, it increased LWR (Table 8). Went (1944) had
earlier claimed that elevated night temperatures significantly decreased

shoolt heipght,

Growth Stage Effects

Yield and yield components

When the various 5-day growth stages from panicle initiation
through bloom were compared, it seemed rather difficult to identify pre-
cisely the most critical growth stages with regard to treatment effects
on various yield attributes {Table 9). Not unexpectedly though, tem-
perature treatments had the least effect on seed number when imposed
during the last growth stage (Plz6 to P130). and these temperature
treatments had the greatest effect on seed weight reduction at that par-

ticular growth stage.



Table 8.

8

Threshing percent, total leaf area, specific leaf area (SLA),

leaf weight ratio (LWR), panicle exertion and plant height
(averaged over growth stages) of RS 671 grain sorghum as
affected by two night temperatures: Greenhouse Experiment 11,

1978,

Temperature Treatment

“Controll  26.5 C 2oc  6es)
Threshing % 88.5 BT.4 88.3 0.67
Leaf area (dm®) 25.15 24.26 24.67 1.22
SLA (dm® gt) 1.80 1.80 1.73 0.05
LWR (g.g™1) 0.23 0.23 0.24 0.01
Panicle exertion (cm) YT2 12.1 8.7 1.10
Plant height (cm) 123.5 115.5 112.0 2.15

luveragc control

(ambient) temperature was 26.7% C.
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The difficulty of not beingr able to precisely discern the most
critical prowbth sty within the Gi=2 period in this experiment could,
at least in part; be ascribed to the rather hipher-than-average ambient
temperatures that prevailed during most of that period (Table A3). How-
ever, it was observed that if the two halves of G5-2 period—from
panicle initiation (PI) through floret differentiation (FD) and from
{loret differentiation through bloom—are compared, the second half of
G3-2 period was a more critical (sensitive) period than the first half.
The lowest means for panicle dry weight, grain yield per plant, number
of geeds per panicle and harvesl index were obtained from temperature
treatment at floret differentiation through bloom (Table 9). Downes
(1972) similarly found adverse effects on floret number when sorghum
plants were exposed to high temperatures at about when floret differen-
tiation is in progress or completed. In the present experiment, the
responses from temperature treatments imposed during FD to bloom were as
great as those from treatments during the entire GS-2 period (from

panicle initiation through bloom).

Plant growth and development

The effects of growth stage on grain sorghum's response to tem-
perature Lreatments were better defined for plant pgrowth and development
than they were for yield and yield components. When the average numbers
of days to heading, bloom and physiological maturity and the lengths of
G5-2 and G5-3 periods along with grams of grain/G5-3 day/plant were con-
sidered, the period during and immediately after floret differentiation

stage IPI16 to P1201 was found to be the most critical growth stage



“]
(Table 10). One of the least sensitive growth stages was that period

Just preceding rloret differentiation (PI 1 to PIlG}' Also with repard

1
to plant growth and development, the latter half of the GSE-2 period was
still the more sensitive half to temperature treatments, and the entire
GS-2 period was about the average of the two halves. This observation
could be due to the fact that plants treated from Pl could have pradually
developed some form of preconditioning such that they could tolerate the
elevated night temperatures reasonably well at later stages. Whereas,

plantis whose temperature treatment commenced later, at floret differen-

tiation, lacked such prior temperature conditioning.

Correlations

Just as observed in Experiment I, significant positive correla-
tions were observed between grain yield and panicle dry weight (r= 0.99),
seed number (r= 0.57), seed weight (r= 0.58) and harvest index (r= 0.80).
Similarly, significant positive correlations were observed between grams
of" grain/G5-3 day/plant and various yield-related attributes (Table A21).
As usual, a significant negative correlation was observed between seed
number and seed weight (r= -0.28). Similar relationships had been re-

ported by Miller et al (1976) and Muchow and Wilson (1976).
Experiment III

The main objectives of this field experiment were the same as

those for Experiment I discussed earlier,
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Temperature Effects

Results from this experiment indicated a lack of significant dif-
ferences between the effects of the two elevated nipht temperatures
(26,5 and 32 C) with respect to panicle dry weight, grain yield per
plant, number of seeds per panicle, 1000-seed weight, harvest index and
panicle length (Table A22), but temperature treatments differed from
those of the control (ambient). The significant differences observed
between the ambient and the temperature treatmentis could be credited to
the relatively low night and ambient average temperature differences
that prevailed during experimentation. The average ambient temperature
during experimentation was 20.5 C. The lack of significant differences
between the two temperature treatments (26.5 and 32 C) with regard to
yield and yield components could partly be explained by the rather brief
(4=day) treatment duration. The ever-changing nature of environmental
variables that normally exist in the field could possibly have negated
the effects of such brief temperature treatments as opposed to moderately
more stable greenhouse climatic conditions. Nonetheless, both elevated
night temperatures consistently reduced panicle dry weight, grain yield,
seed number and harvest index, while seed weight was increased by only
the 32 C temperature treatment. Approximately 13% and 15% reductions in
panicle dry weignt and grain yield were caused by the 26.9 and 32 C
night temperature treatments, respectively (Table 11). Comparable 10%
and 14% reductions in seed number cccurred from the 26.%5 and 32 C treat-
ments, respectively.

Despite the fact that temperature treatments did not differ sig-

nificantly in their effects on yield and yield components, the 32 C



84

Table 11. Panicle dry weight, grain yield per plant, number of seeds
per panicle, 1000-seed weight and harvest index of RS 671
field grain sorghum as affected by two night temperaturcs
imposed at various growth stages dubring panicle developmenl
(means averaged over growth stages}: Experiment III, 14977.

Temperature Treatment

LSD
Control  26.5 C' 12,0 ¢t (.05)
Panicle dry weight 115.6 lo1.1 98.1 5.48
(g} (12.56) (15.2)
Grain yield/plant 102.4 8g.5 86.5 4,77
{g) (13.5) (15.5) -
Seeds/Panicle 3590 3217 3074 178.9
(10.4) (14.4)
1000-8eed weight 28.76 28.67 28.30 0.92
(g) (~0) (+2.0)
Harvest index 0.53 0.51 0.81 0.01
(3.8) {3.8)

lValues in parentheses represent percent reductions of mean from
that of the control with the exception of one for seed size that was
percent increase from the control.
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treatment consistently caused greater reductions than the 26.5 C treat-
ment. There were no significant seed weight differences.

The main effects of temperatures, growth stapes and temperature x
growth stage interactions on plant growth and development were signifi-
cant in this experiment. Significant effects were observed on numbers
of days to heading, bloom and physioclogical maturity, durations of Gi-2
and G5-3 periods and plant height. Similarly, the temperature treat-
ments differed significantly from the contrcl with respect to their ef-
fects on these growth and developmental attributes (Table A23).

The general pattern observed was for elevated night temperatures
to hasten plant development by shortening phenological growth phases.
Although means for each of the two elevated temperature treatments did
not differ significantly in a few of the cases, the reductions in numbers
of days to bloom and physiological maturity, and the durations of panicle
expansion and grain fill periods were significant (Table 12). The reduc-
tion in grain fill duration and hastened maturity might have accounted
for the yield reduction caused by elevated night temperatures. HResults
observed on wheat by Hoshikawa (1962), Asana and Williams (1965), Wardlaw
(1970) and Warrington et al (1977) suggested that temperatures of 30 C
and above could hasten maturity.

Table 13 shows the effects of the two elevated night temperaturec
on stover dry weight, panicle length and plant height. The relatively
lesser effects of temperature treatments on vegetative growth compared
to their effects on yield-related attributes were expected. Plant vege-

tative growth was well advanced by the time temperature treatments were
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Table 12. MNumbers of days to heading, bloom and physiological maturity,
and durations of panicle expansion (G5-2) and grain fill
(G5-3) of R5 671 field grain sorghum as affected by two night
temperatures imposed at various growth stages during panicle
development (means averaged over growth stages): Experiment

111, 1977.
Temperature Treatment
' LD 05)
Control 26.5 C 32.0C ’

Heading (days) 70.5 69.9 69.9 0.33
Bloom (days) 76.9 75.7 75.2 0.43
Physiological

maturity (days}l 118.3 115.9 114.4 0.68
05-2 (days) 28.9 27.7 27.2 0.42
G5-3 (days) 41.4 40,1 39.2 0.59

- — ——

1

Dark layer appearance at tip of basal panicle branches.
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initiated at floret initiation stage. About 3-5% average reductions in
isrowth relative to the ambient were caused by both elevated temperatures

(Table 13).

Growth Stage Effects

The various growth stages during which the two elevated night
temperatures were imposed differed significantly with regard to their
respective sensitivities to these temperature Lreatments. When the
various 4-day growth stages were compared, it was observed that the
period about 8 days preceding the bloom stage was the most critical with
respect to the responses of yield and yield components of 'RS 671' grain
sorghum to these elevated night temperatures (Table 14). The two growth
stages in this experiment that composed this critical period within the
G5-¢ period were FD . to FD,_  and FD., to FD,.,. The mid-point between

13 16 17 20
floret differentiation and bloom, here designated as ¥FD_ to FD, K, was

9 12
relatively the least sensitive to temperature treatments. Another
growth stage that seemed to be critical with regard to night temperature
effects on yield and yield components was the period from floret initi-
ation through floret differentiation lFIl to FDl). Panicle dry weight,
grain yield, seed number and harvest index were significantly reduced by
the temperature treatments at this growth stage (Table 14). Because of
the great reduction in seed number, seed weight was significantly in-
creased under this treatment. The above results reinforce results from
previous experiments suggesting somewhere about floret differentiation

as a rather sensitive growth stage, when elevated night temperatures can

have considerable effects on yield and yield components.
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Table 13. Dry weight of stover, panicle length and plant height of
R3S 671 field grain sorghum as affected by two night tempera-
tures imposed at various growth stages during panicle devel-
opment (means averaged over growth stages): Experiment IIT,

1977.
Temperature Treatmert
) 1 1 LSD( o5
Control 26.9 C 32.0 C *

Stover dry weight 16.2 71.9 T2.4 2.88
(g) (5.5) (45.9)

Panicle length {(cm) 23.8 22,8 22.7 ' 0.49
(4.2) {(4.7)

Plant height (cm) 107.9 104.5 102.4 1.33
(3.2) (5.1)

lValues in parentheses represent percent reductions of mean from
that of the control.
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The three growth stages that seemingly were the most critical,
namely, FI

Lo F'Dl, FD to FD].O and FD._. to FD. , were also the most

1 13 17 20
sensitive to temperature treatments with regard to the numbers of days

to heading and blocom and the length of GS-2 period (Table 15).

Correlations

Table A24 contains partial correlation coefficients determined
among;, yield and development attributes for 'RS 671' grain sorghum. As
previously observed, highly sipnificant positive correlations were ob-
served between grain yield and panicle dry weight (r= 0.99), seed number
{r= 0,.82) and much less significantly with seed weight (r= 0.19). 3Sig-
nificant negative correlation was found between seed number and seed

weight (r= =0.35).
Experiment IV

Plants received severe hail damage during this experiment, prior
to panicle initiation, but plants were able to recover afterwards.

The primary objectives of this experiment included the determina-
tion of the effects of elevated night temperatures (% and 10 C above
ambient) occurring at various growth stages during panicle development
on the yield and growth of a grain sorghum hybrid ('RS 671') under field
conditions and assessment of the influence of artificial preconditioning
("hardening')} on the response of this grain sorghum genotype to subse-
quent night temperature elevations., Of major importance in this experi-

ment was the determination of the specific growth stage(s) within the
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G5-2 period at which grain sorghum would be most vulnerable to elevated
nipght temperatures.

The justification for using a treatment desipn that provided a
known degree of temperature elevation above the prevailing ambient tem-
peratures came from the dynamic nature of ambient air temperatures under
natural field conditions. This was a major aspect by which this experi-
ment differed from the three earlier experiments, involving the use of

constant temperature levels.

Temperature Effects

Yield and yield components

Analyses of variance were conducted for grain yield and yield com-
ponents in this experiment (Table A25). Highly significant effects of
elevated night temperatures and growth stages were observed on panicle
dry weight, grain yield per plant, number of seeds per panicle, 1000-seced
weight, grams of grain/GS-3 day/plant. However, the effects of pretreat-
ment (preconditioning) and the temperature x growth stage interactions
were not significant. The response of RS 671 grain sorghum to these two
levels of night temperature (5 and 10 C above ambient) when imposed at
various growth stages followed a pattern that was independent of the
temperature levels; that is, the ranking of the various growth stapres
with respect to their relative sensitiveness to temperature treatment
remained unaltered for either the upper or lower temperature level,

Compared with the ambient, means for each variable for the two
elevated night temperatures were very consistently lower than those for

the ambient, and also, the higher temperature elevation (10 C above
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ambient) produced much greater and highly significant reductions in yield
and yield components than the lower temperature elevation (4% C above
ambient) (Table 16). Conversely, however, the two eleyvated nipht tem-
peratures produced greater seed weipghts than the ambient temperature,
with 5 and 10 C above ambient temperature treatments resulting in about
6% and 25% greater seed weights, respectively. Wattal (1965) and
Spiertz (1977) similarly reported increased wheat grain weight with
increase in temperature. Wattal speculated that the higher temperatures
probably increased the rate cof cell division and other development pro-
cesses in the grain. Increase in grain size with decreasing number of
grains had been reported for rice (Sato et al., 1973), wheat (Spiertz,
1974; Muchow and Wilson, 1976) and sorghum (Chowdhury and Wardlaw,

1978).

When the ambient and the 10 C temperature elevation were compared,
it was observed that approximately 18%, 19%, 30% and 17% reductions in
panicle dry weight, grain yield, seed number and grams of grain/GS-3
day/plant, respectively, occurred as a result of the 10 C air tempera-
ture difference. The reductions caused by 5 C above ambient treatment
were not statistically significant (Table 16). Reduction in grain yield
caused by elevated night temperature was in accord with similar observa-
tions reported for various cereals by Palis (1971), Peters et al (1971),
Downes (1972), Eastin (1976) and Gipson et al (1979). Yoshida (1973)
claimed that grain number limits yield more than any yield component, and
evidence indicates that temperature during rice panicle development

determines grain yield by influencing the number of spikelets,
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Table 16, Panicle dry weight, grain yield per plant, number of seceds
per panicle, 1000-seed weight, grams of grain per G5-3 day
and panicle length of RS 671 grain sorghum as affected by two
elevated night temperatures (% and 10 C above ambient):!
Field Experiment IV, 1978.

Temperature Treatment‘_ LSD( .
. Ambient? Ambient<
Ambient + 5 C + 10 C LSD{_U])
Panicle dry weight 61.4 59.6 50.2 4,40
(&) (2.9) (18.3) 6.00
Grain yield/plant 4.4 46.02 .3 3.29
(r) (2.87) (19.1) fi .08
Ueeds/panicle 2104 1948 1459 L'7%.0
(7.4) (30.7) 239.5
1000-seed weight 24.03 25,52 30.07 1.53
(g) (+6.2) (+25,1) 2.09
¢ Grain/G5-3 day 1.35 1.33 1.12 0.10
/plant {1.1) (17.1) 0.13
Panicle length 21.0 21.3 20.1 0.83
{cm) (+1.1) (4.4) .13

— . ——— . ——— . ——

1Heans averaged over growth stages and pretreatments.

2Values in parentheses are percent reductions from those of the
ambient except in (+) cases where they are percent increases over the
ambient (control).



Plant growth and development

Temperature effects on pluant prowth and development were nol siy-
nificant as they were on yield and yicld components. One of the plau-
sible reasons for this could be that the application of temperature
treatments commenced at a stage when most or all of Lhese growth attri-
butes had been well fixed. Pretreatment (preconditioning) and tempera-
ture x growth stage interactions also were not significant for growth
attributes. However, elevated night temperatures had highly significant
effects on bloom, length of GS5-2 period and plant height (Table A26).

The magnitudes of all the various attributes of plant growth and
development that were measured in this experiment were reduced by ele-
vated night temperatures, even though such reductions were small and not
statistically significant. Also, the two elevated night temperatures
did not differ in their effects on these attributes. Approximately 1,
1, 5, 1 and 1 days reductions in numbers of days to heading, bloom and
physiological maturity and lengths of GS-2 and GS-3 periods, respec-
tively, were caused by temperature elevation (Table 17). Hastened
maturity was, therefore, associated with the yield reduction occurring
from elevated night temperatures. About 5 cm reduction in plant height
that resulted from 10 C temperature elevation was statistically sipnifi-
cant. Based upon these results, the elevated temperature treatments
were more pronounced on yield and yield components than they were on

plant growth and development.



96

Table 17. Numbers of days to heading, bloom, and physiological maturity
durations of panicle expansion {(GS-2) and grain fill (GS-3),
and plant height of RS 671 grain sorghum as affected by_two
elevaled night temperatures (5 and 10 C above ambient):

Field Experiment IV, 1978.

Temperature Treatment

i LSD .
. Ambient Ambient (.05}
Ambient +5C + 10 C

Days to heading 54.8 53.9 53.9 0.69
Days to bloom 61.3 60.3 59.6 0.68

bDays to physiological .
matupity? g6.5 90.9 91.9 .20
GS=2 duration {days} 32.3 31.1 30.7 0.7
G3~3 duration (days) 35.2 35.9 34,3 2.00
Plant height (cm) 100.4 g8.0 35.6 3.28

1
Means averaged over growth stages and pretreatments.

2Dark layer appearance at tip of basal panicle brancheaz.
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Preconditioning Effects

Althoush no sipnificant effects of precondibioning were observed
for Lthe various yield-related attributes measured in this cxperiment,
there was a consistent tendency for the means for grain yield per plant,
panicle dry weight, seed number; seed weight and grams of grain/G5-3
day/plant (metabolic efficiency) to be greater for the preconditioned
than the non-preconditioned plant (Table 18). The apparent insipnifi-
cant benefit from preconditioning (averaged over temperature treatments)
observed in this experiment could be due to one or more of the rollowing
reasons: (1) the preconditioning was ineffective due to the facl that
its duration was too brief; (2) the time lag between the time pluants
were precondilicned and the time the challenge temperatures were imposed
could either be too short or toc long; and (3) the challenge heat, par-
Licularly the 10 C above ambient treatment, might have been severe enough
to overcome any positive effects of preconditioning. 1In the latter
regard, note results in Table 19,

While effects of preconditioning were not noticeable for the
higher elevated temperature (10 C above ambient), there was a trend
toward beneficial effects of preconditioning for the lower temperature
level (5 C above ambient) with regard to panicle dry weight, grain
yield and seed number. Preconditioning under a % C elevation resulted
in increases of about 10%, 8% and 9% above the control (non-precondi-
tioned) plant for panicle dry weight, grain yield and seed number,
respectively (Table 19). However, the increases were not statistically

significant. OSignificant increases in grain yield and panicle weight of
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Table 18. Effect of preconditioning (hardening) on grain yield and its
components of RS 671 grain sorghum exposed to two elevated
night. temperatures: Field Experiment IV, 1978,

control'  Preconditioned LSD o)
Panicle dry weight (g) £3.1 56.6 4,40
Grain yield/plant (g) 41.1 43,2 3.29
Jeeds/panicle 1676 1731 175.6
1000-seed weighti (g) 27.33 28.26 1.53
g Grain/G3-3 day/plant 1.20 1.25 .10
Panicle length (cm) 20.5 20.8 0.83

lMeans_averaged over prowth stages and temperaturc treatments.
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{cm)

Table 19. Effect of preconditioning (hardening) on the response of
panicle dry weight, grain yield per plant, number of seeds
per panicle, 1000-seed weight, grams of grain/G5-3 day and
panicle length to two elevated night temperatures (means
averaged over growth stages): Field Experiment IV, 1978.

Pretreatment
Control PrecondltiOnedH_ LSD( s
Ambient Ambient Ambient Ambient
+5C + 10 C +5¢C + 10 C
Pa?;?IG dry weleht 56.6 49.7 62.6 50.7 6.22
e atiipenc 44.2 38.0 47.8 18.6 4.65
L3

Seeds/panicle 1860 1492 2035 1426 2.48

lo?g;SQEd welght 25.34 29,32 25.69 30.82 2.17

iz Grain/G5-3 day/plant 1.29 1.11 1:.37 103 0.13

PaRicle Jengeh 21.0 20.0 21:5 20.2 1.18
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early and medium maturity sorghum hybrids were reported by Sullivan et
al (1977a) and in yield of soybean (Specht et al, 1977).

Preconditioning did not have sipgnificant effects on the responses
of plant growth and development to elevated night temperatures (Table
20). On the whole, preconditioning was less beneficial on plant growth

and development than it was for yield and yield components.

Growth Stage Effects

Yield and yield components

Significant differences were cbserved among the various growth
stages within the GS-2 period, when the two elevated night temperatures
were imposed, with respect to effects on 'K3 671' grain sorghum's yield
and yield components measured in this experiment (Table 21). In other
words, the various growth stages differed significantly in their respec-
tive sensitivities to the temperature treatments. For each of these
variables, namely, grain yield, panicle dry weight, seed number and
grams of grain/G5-3 day/plant, the greatest reductions occurred when
temperature treatments were imposed during the first 7 days after floret
differentiation (FDl to FD?}. The magnitudes of the effects on these
variables were approximately 43%, 44%, 57% and 42% reductions, respec-

tively, as against the least critical growth stage (bloom, to bloom?}.

1
The high degree of consistency in these results helps to establish con-
vincingly that the most critical growth stage during the G5-2 period is
about the first 7 days after floret differentiation begins. However,

the greatest seed weight or size was obtained for that particular growth

stage (FDl to FDT,’ possibly because seed number was reduced considerably
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Table 20. Effect of preconditioning (hardening) on the response of some
attributes of plant growth and development of RS 671 grain
sorghum to two elevated night temperatures: Field Experiment

Iv, 1978.
Controlt Preconditioned} LSD‘ 05)

Days to heading 53.8 53.9 0.69
Days to bloom 59.9 60.0 0.68
Days to physiological

maturity 90.2 92.6 7.20
(5-2 duration {(days) 30.9 31.0 0.72
GS-3 duration (days) 35.5 34.7 2.00
Plant height (cm) 96.6 97.0 3.28

lMeans averaged over growth stages and temperature treatments.
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here. For about 57% reduction in seed number, there was about 30% in-
crease in seed weipht representing a mechanism by which cereals attempt
to compensate for losses in one or more earlier-determined yield compo-
nents through one or more later-determined yield components. This com-
pensation in this case was not adequate to completely offsel grain yield
reduclion,

Figures 1, 2, 3 and 4 show the responses of grain yield and the
various yield components to the two elevated night temperatures when
imposed at the various growth stages. The separate responses of grain
yield per plant, seed number and grams of grain/GS-3 day/plant at the
respective growth stages followed remarkably similar trends, while seed
weight (size) responses followed a complete reversal of those trends.

It could be said with a reasonable degree of confidence that as 'RS 671"
voes from panicle initiation toward floret differentiations, its vulnera-
bility to elevated night temperatures increases until beyond about 7 days
after floret differentiation when its tolerance starts to increase,

The responses of the various yield-related variables to each of
the two elevated night temperatures were quite identical with regard to
their trends across the GS-2 period (that is, lack of significant tem-
perature x growth stage interactions).

Figure 5 shows the effect of preconditioning on the response of
prain sorghum yield to each of the two imposed elevated night tempera-
tures considered separately. Note that the response of 'RS 671' grain
sorghum to elevated night temperatures with respect to the various growth
stages followed similar trends whether preconditioned or not. Precondi-

tioning did not influence the ranking order of the various growth stages
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on the basis of their vulnerability to each of the two elevated night
temperatures, With the exception of Pll to PI,r for both temperatures
and FUB to bloom for the higher temperature level, positive but non-

significant trend effects of preconditioning were reflected in the grain

yield for each temperature and for each growth stage (Fig. 5).

Plant growth and development

None of the five growth stages differed significantly from the
rest in their respective sensitivities to the two elevated temperatures
with respect to either the number of days to physiological maturity or
the length of grain fill (GS~3) period (Table 22). During the period of
about. 14 days after floret differentiation, FD1 to FD? and FDB to bloom,
seemed to be identical in being the two most vulnerable growth stages
with respect to the numbers of days to heading and bloom and the length
of panicle expansion period. The three remaining growth stages were the
least vulnerable to elevated night temperatures (Table 22). The rela-
tive ranking of the various growth stages with respect to their vulnera-

bility to elevated night temperature was less clear for plant growth and

development than it was for yield and yield componenis.

Correlations

As usual, highly significant positive correlations were observed
between grain yield and panicle dry weight (r= 0.95), seed number (pr=
0.75), grams of grain/G5-3 day/plant (r= 0.98), while a highly signifi-
cant negative correlation between seed number and seed weight (r= ~0.60)

was observed (Table A27).
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Experiment V

The main objectives of this field experiment were essentially the
same as those for Experiment IV discussed earlier on. A further expan-
sion made here over the preceding field experiment was to undertake some
measurement of a few physioclogical processes and parameters with a view
of gaining some undersatanding into how plant processes and parameters
responded to elevated night temperatures and/or preconditioning. Such
information, hopefully, will afford us a better comprehension of the
responses of plant growth and yield to elevated night temperatures im-

posed at various growth stages during panicle development,

Physiological Studies

Leaf heat tolerance (cell membrane thermostability)

The analysis of variance for the combined data for all five leaf-
disc heat tolerance tests conducted at various growth stages (dates)
indicated that pretreatment (preconditioning) had no significant effects
on heat tolerance level (Table A28). Lack of significant date x pre-
treatment interactions was indicative of the fact that preconditioning
did not influence the heat tolerance level of 'R5 671' grain sorghum
leaves at the various growth stages. However, heat tolerance levels of
sorghum leaves determined on various dates differed quite significantly.

On the first test date (at 7 days after panicle initiation),
leaves of preconditioned plants displayed greater heat tolerance (less
heat injury) than leaves from non-hardened plants (Table 23), bul that

relationship was reversed on the second test date (at floret initiation).



112

Table 23. Heat tolerance levels of preconditioned and nonpreconditioned
RS 671 field grain sorghum leaves determined by electrical
conductivity tests at various growth stages: Experiment V,

1979.
Growth Stage
Pretreatment Panicle :

initiation d’ffFloriF £ 7F3 * Bloom ?lg:m +

« 7 days ifferentiation ays ¥s
————— i e e % Heat Injuryl—eemm oo

Unhardened 65.2 60.0 31.6 56.1 T3.4

Hardened 59.0 65.1 33.1 56.0 73,7
LDS{.OS) 10.04 11.04 3.79 8.25 4,02
Mean® 62.1 b 62.6 b 2.4a 56.1c 73.6a

1

Heat treatment of £3.5 C for 15 min {(means of 12 reps].

2Means followed by the same letter are not significantly differ-
ent at P=0.05.
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On the subsequent three test dates (that is, at T days after floret dif-
ferentiation, al bloom and at 7 days after bloom), no significant dif-
ferences were obuerved between the heal tolerance levels of precondi-
tioned and non-preconditioned plants. Sullivan et al (1Y77a) reported
that higher heat tolerance of preconditioned early and medium maturity
sorpthum hybrids persisted up to 26 days after heat hardening, bubt Specht
el al (1977) claimed that higher membrane stability in soybean induced
by temperature hardening persisted throughout the growing season.

By means of Duncan's multiple range test, Lhe average heat injury
levels on various test dates (growth stages) were compared, and it was
observed that while heat. injury levels on the first two test dates did
nol differ, the least heat tolerance (highest heat injury) occurred from
Lest conducted on the 7th day after bloom (Table 23). The highest level
of heat Lolerance (lowest heat injury) occurred on the 7th day arter
[loret differentiation, followed by heat Lolerance at fth day after
panicle initiation and then at (loret differentiation, both of which did
not differ. Prevailing weather conditions seemed to have a sipgnificant
impact on the averape heat tolerance level obtained on any given test
date, In this experiment, the lowest leaf heal injury occurred on a
very hot day, Aupust 5, while the highest injury level was obtained on a
very cool, overcast wet day, August 19. The rest of the test dates were
on bright, warm days. It is, therefore, important to take note of the
strong association of leaf heat injury level with prevailing weather
conditions. Such strong associations between leaf heat tolerance and
wealher conditions have earlier been demonstrated by Smith (1973) and

Ogunlela (1974) on field-grown sorghums.



114

Leaf carbon dioxide exchange

Analyses of variance for the various dates during panicle devel-
opment when leaf photosynthetic rates were measured indicated signifi-
cant effects of temperature treatments on photosynthetic rates for only
three of the five various dates (Table A29). There were, however, no
siymificant effects of pretreatment (preconditioning) on photosynthetic
rales.  The average leaf photosynthetic rates obtained on the five vari-
ous dates differed highly significantly (Table A30).

Table 24 contains leaf photosynthetic rates of 'RS 671' grain
sorghum on various dates as affected by earlier imposed two elevated
nipht temperatures (5 and 10 C above ambient). Each date of measurement
was about the 3drd day after the termination of temperature tLreatment.

On the first date (July 25), when plants were at about the 10th day
after panicle initiation, the average leaf photosynthetic rate for the

2 hr-ll was sipgnificantly higher

-2

ambient +5C Lreatment (45,5 myg 002 dm~
Lthan that. for the ambient (35H.7 mg 002 dm hr-l), while that for the
ambient +10 C Lreatment (28,4 mg C02 dm-? hrul} was considerably lower
than cither one. Photosynthetic rates measured on the second date
(Aupgust 1), when plants were at the 3rd day alter floret differentiation,
followed the same relative ranking as the first date. On another two
consecutive dates (August 8 and 9), when plants were at about the 10th
and llth days after floret differentiation, respectively, the highest
photosynthetic rates were measured from plants under the ambient, fol-
lowed by the ambient +5 C and last was the ambient +10 C treatment. On

the fifth and last test date (Augucst 17), plants at S5th day after bloom,

Lhere were no significant differences amony; leaf photosynthetic rutes
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Table 24. Photosynthetic rates of RS 671 field grain sorghum leaves
exposed to two elevated night temperatures measured on
various dates: Experiment V, 1979.

Temperature - - o i o .
Traatarat July 25 Aug. 1 Aug. 8 Aug. 9 Aug. 17
S “lLeaf Photosynthetic Ratel o

(mg COp dm=2 hr-l)
Ambient 35.65 41.12 30.53 34,09 25.96
Ambient +5 € 45,39 48.51 28.17 25.02 26.732
Ambient #10 C 28.38 37.63 23.43 17.36 24.62
Mean® 36.47 42.42 27.38 25.49 25.64

LSD( 05) for temperature treatment means within dates (averaged over
: pretreatments) = 8.10.

LS ) for date means within temperature treatments = 8.10.

D .05

lValues are means for 18 plants from three replications averaged
over pretreatments. Photosynthesis measurements at 26, 29, 34, 32 and
33 C mean ambient field temperatures, respectively.
dLSD{ 05) for overall date means = 4.68.



116
measured for the three different temperature conditions (Fig. 6). Leafl
photosynthetic rates were measured on bright, clear days under photosyn-
thetically active radiation of approximately 2.0 x 1().J u Ei m-z 3_1.

The ambient +10 C treatment consistently reduced leaf photosyn-
thetic rate throughout the measurement period. When summarized for all
five dates, the average photosynthetic rates for the ambient and ambient
+5 C treatment did not differ significantly, but that for the ambient
+10 C treatment was considerably lower, having average rates of 33.5,
3.7 and 26.3 mg CO, dn™° hr™', respectively (Table 26). When leaf
photosynthetic rates were averaged over temperature treatments across
the measurement period, only the rates measured on the first two dates
differed significantly from the rest (Table 24). Three distinct groups
into which photosynthetic rates seemed to fall were: (1) the second

date, with approximately 42.4 mg CO, dn~2 hr~}; (2) the first date, with

2 hr_l; and (3) the last three dates, with

-1

approximately 36.% mg co,, dm~

e hr

approximately 26.2 mg CO, dm™ (Table 24).

The effects of preconditioning were not significant on leaf photo-
synthetic rate under any of the temperature treatments (Table 26, Figs.
7 and 8) or on any of the measurement dates (Table 25).

These results suggest that mild night temperature elevations cuan
be beneficial to sorghum leaf photosynthesis, and that very high night
temperature elevations (10 C) above ambient can be detrimental to leafl
photosynthesis. Artificial preconditioning was beneficial only when the

challenge temperature (heat) was high enough to considerably reduce leaf

photosynthetic rates of non-hardened plants,
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. Effect of preconditioning on the response of leaf photosyn-

Table 25
thetic rates of RS 671 field grain sorghum to elevated night
temperatures imposed during panicle development (means aver-
aged over temperature treatments):l Experiment V, 1979,
Pretreatment
Date L3D (.0%)
Unhardened Hardened i
Leaf Photosynthetic Rate
(mg CO, dm=2 nhr-1l}
July 25 35.63 37.31 8.95
Aug. 1 43.40 41 .44 T.74
Aug. B8 27.42 27.33 4,32
Aug. 9 23.48 27.50 6.19
Aug. 17 . 25.16 20.11 4.49
Mean 31.02 31.94

lMeasured at 26, 29, 34, 32 and 33 C average air temperatures,

respecti

vely,



119

Table 26, Photosynthetic rates of K5 671 field grain sorghum leaves
exposed to two elevated night temperatures averaged over all
measurement dates: Experiment V, 1979.

Pretreatment

Temperature . Meane

Treatant Unhardened Hardened

Leaf Photosynthetic Ratel
(mg CO, dm=2 hr=1)

Ambient (check) 33.57 33.37 33.47
Ambient + 5 C 34.29 35.08 34.68
Ambient + 10 C 25.20 21.37 26.29
Mean’ 31.02 31.94 31.48

lValues are means for 45 plants from three replications on five

dates.

2 =

LSD(.OS! = 3.62

3 =

LSD(.OB) = 2.96

LSD( 05) for temperature treatment means within pretreatments
= 5.12. °

LSD( 05) for pretreatment means within temperature treatments

= S.lz-
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Results were in accord with findings of Raschke (1970) who showed
that carbon dioxide assimilation of maize (Zea mays) at 25 C was not
affected by previcus temperatures between 10 and 35 C, but exposure to
higher temperature sharply diminished subsequent c02 fixation. Bauer et
al (1973) later expressed a similar view, claiming that extreme tempera-
tures may have afltereffects which could inhibit subsequent photosynthe-
sis even at optimal temperatures,

Results from this experiment support the views of Murata (1964)
who claimed that reduced yield by high night temperature was partly due
to increased respiration and decreased photosynthesis but refute those of
Moss et al (1961) who believed that high night temperature increases
respiration in the night but increased photosynthesis in the daytime.

Results obtained here were also in accord with a report by Norcio
and Sullivan (1976a) who had earlier claimed that based on their find-
ings from a study of some corn and sorghum genotypes, the flowering
stage was the more sensitive to elevated night temperatures than panicle

initiation was.

Grain dry matter accumulation

Kernel dry weight, kernel growth rate and relative kernel growth
rate of 'R5 671" grain sorghum were determined at various weekly inter-
vals during grain fill (GS-3) period with a view of estimating the
aftereffect of elevated night temperatures imposed during the panicle

development period.

Kernel dry weight, The effects of elevated night temperatures on

kernel dry weight were significant only at the initial and latter points
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during grain fill, while the effects at the various growth stages were
significant only at the latter part of grain fill (Table A3l). In no
instance were temperature x growth stage interactions significant.
Throughout the linear grain growth phase, kernel dry weight increased
with increasing night temperature, but in the lag phase (about 2 weeks
after bloom), no differences in kernel dry weight were observed among
temperature treatments (Fig. 9). The ambient +10 C treatment consist-
ently produced the greatest kernel dry weight, followed by the ambient
+5 C treatment, and least was that of the ambient. The differences in
kernel dry weight among the three temperature levels widened as the
grain fill period advanced until a point was reached when such differ-
ences began to diminish. These results were in accord with reports made
on corn by Duncan et al (1965) and on wheat by Wattal (1965) and Spiertz
(1977). Wattal thought that the higher temperature conditions probably
increased the rate of cell division and other development processes in
the grain and hence the greater movement of assimilate to the developing
grains. He found that wheat grain weight increased with increase in
temperature from 27.9 to 31.4 C. Duncan et al (1965) and Wattal (1965)
suggested that grain development was compensated by supply of sugars
from the stem, while Spiertz (1977) believed that redistribution of
carbohydrate was greater at high temperatures.

Grain fill curves for a total panicle are usually more linear
than noted in the Figure 9 curve which is for kernels all the same
maturity (i.e., selected from the same bloom date in a panicle in this

case)., Apparently, the dynamics of grain fill for a whole panicle where
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kernels differ in maturity by 5 te 10 days is different than for an
individual kernel.

The various f-day growth stages during which the two elevated
temperatures were imposed differed significantly with respect to kernel
dry weights. Considerably greater kernel dry weights were observed when
either of the two elevated night temperatures was imposed during 7 days
preceding or 1 days after floret differentiation (Pl8 to FD, or FD, to

1 1

FD?} as shown in Table 27. The lowest kernel dry weights were obtained

when temperature treatments were imposed during the first or last growth

stage (Pll to PI7 or blooml

determined after physiological maturity for the five growth stages (when

to bloom7}. The average kernel dry weights

temperature treatments were imposed) and the control were 25.9, 33.9,
33.4, 29.3, 26.2 and about 25 mg kernel-l, respectively (Table 27).

This indicates that the closer the elevated night temperature occurrence
is to floret differentiation stage, the pgreater will be the kerncl dry

weipht, probably because of an associated reduction in seed number.

Kernel growth rate., Kernel growth rates did not differ among the

temperature levels until after about 2 weeks following bloom when kernel
growth rate was significantly higher for plants that had been exposed Lo
the ambient +10 C treatment than for plants that were exposed to either
the ambient or the ambient +5 C treatment (Fig. 10). This observation
conformed with earlier reports on rice (Nagato and Ebata, 19606), wheat
(Wardlaw, 1970; Spiertz, 1977) and sorghum (Chowdhury and Wardlaw, 1978},
They reported that higher temperatures resulted in a greater rate of

kernel development. As much as 45% increase in sorghum kernel growth
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rates with a 24/19 C to 30/25 C day/night temperature rise was observed
by Chowdhury and Wardlaw (1978). Wattal (1965) and Wardlaw (1970)
associated this with a corresponding increase in the rate of cell divi-
sion in the endosperm tissue of the grain.

Average kernel growth rates across the grain fill period increasecd
sharply during about the first 2 weeks after bloom and thereafter, de-
clined gradually until it dropped sharply to its lowest ebb, at close to
physiological maturity. The relative ranking of the various growth
stages followed a pattern similar to the one for kernel dry weights
(Tables 27 and 28). The highest kernel growth rates occurred in plants
temperature treated during either / days preceding or { days after
floret differentiation, while plants treated during either 7 days after
panicle initiation or 7 days after bloom stage had the lowest growth

rates.

Relative kernel growth rate. Relative kernel growth rates (sink

strength estimates) during the earlier part of grain fill were signifi-
cantly influenced by the different temperature levels but not during the
latter part of that period (Table A32). Also, growth stage consistently
influenced it at certain points during GS-3 period, but significant tem-
perature x growth stage interactions did not occur. HRelative kernel
growth rates during the first 3 weeks after bloom were enhanced by the
ambient +10 C temperature treatment, but thereafter, there were no
tangible differences among the different temperature levels (Fig. 11).
This reflects that after grain fill was well advanced in the growing

season, the temperatures to which plants had earlier been exposed became
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leas significant in their effects to sink strength. Relalive kernel
rrowth rates were quite high during the first 2 weeks after bloom, drop-
ped sharply during the week that followed, and began to drop pgradually
Lhereafter until about physiological maturity when rates were lowest
(Figg. 11). Exposure of 'RS 671" grain sorghum plants to ambient +10 C
night temperature during the first three-fourths of G5-2 period resulted
in significantly higher relative kernel growth rates than during the
last one-fourth of that period (Table 29), but significant differences
amony; growth stages did not occur for the ambient +%5 C night Lemperature

treatment.

Agronomic Studies

Table A33 contains mean squares for grain yield and yield compo-~
nents extracted from separate analyses of variance. Effects of tempera-
ture treatments for the various growth stages during which they were
impesed were highly significanl for panicle dry weight, grain yield per
plant, seed number per panicle, 1000-seed weight and grams grain/GS5-3
day/plant, but temperature x growth stage interactions were significant
only for panicle dry weight and seed number. These resulis were similar

to those obtained from Experiment IV reported earlier.

Temperature Effects

Yield and yield components

Both the ambient +5 C and the ambient +10C night temperature
treatments caused significant reductions in panicle dry weight, grain

yield, seed number and grams of grain/GS5-3 day/plant (metabolic efficiency
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estimate), while the higher temperature level (ambient +10 C) also
caused a significant increase (about 15%) in 1000-seed weight (Table
30). Reductions in yield and yield components by % and 10 C temperature
elevaltions were about 19% and 26% for panicle dry weight, 19% and 28%
for prain yield, 19% and 34% for seed number and 19% and 28% for grams
of prain/GS-3 day/plant, respectively. The considerable increase (ap-
proximately 15%) in seed weipght caused by the higher temperature level
could be associated rather strongly with the substantial decrease in
seed number that resulted from that same treatment. This can be consid-
ered as an attempt by the plant to compensate for the decrease in seed
number by increasing seed size; however, the degree of compensation was
not sufficient to completely offset yield loss.

Dry matter partitioning to the grain during the G5-3 period was
possibly a major limiting factor of grain yield under these temperature
conditions. The differences in grain yield under the different tempera-
ture levels may, therefore, at least to some extent, be attributable to
differences in grain (sink) size. Efficiency of dry matter partitioning
or distribution per se may very well be the key factor, too, and may

relate to number of sinks (seeds) attracting assimilate,

Plant growth and development

Temperature effects were significant for most of the attributes
of plant growth and development measured in this experiment, namely,
numbers of days to bloom and physiological maturity, length of G5-2
period and plant height but not on the length of G5-3 period (Table

A34). The pretreatment and temperature x growth stage interactions
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were significant only for the number of days to bloom and length of G8-2
period.

Similar to observations made on Experiment IV, the degrees of
reductions in the various attributes of plant growth and development
were much more modest than those reductions caused in yield-related
attributes. Surprisingly though, the numbers of days to bloom and
physiological maturity and the length of GS5-2 were higher or greater
under the ambient +10 C treatment than under the ambient or ambient +% C
treatment (Table 31). A similar finding was reported on rice by Yoshida
(1973) who claimed that heat caused delayed flowering. Perhaps the
severe temperature treatment caused plants to go into some kind of
dormancy, at least for a brief period. This explanation becomes more
tenable if one considers the fact that the ambient +5 C treatment caused
reductions in the numbers of days to bloom and physiological maturity
and the length of GS5-2 period. Friend et al (1963) found that increasing
temperature between 10 and 30 C resulted in earlier anthesis in wheat,
while acceleration of anthesis in grain sorghum by higher temperatures
was also reported by Pasternak and Wilson (1969). With respect to plant
height, the ambient +10 C treatment very significantly reduced it more

than did the ambient +5 C treatment.

Preconditioning Effects

There were consistent positive effects of preconditioning on the
various yield-related attributes, but such increases were significant
only for panicle dry weight, seed number and grams of grain/GS-3 day/

plant (Table 32). Preconditioning (averaged over temperature treatments)
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Table 32. Effect of preconditioning (hardening) on grain yield and its
components of RS 671 grain sorghum expesed to two elevated
night temperatures: Field Experiment V, 1979,

Pretreatmentl
L3D
Control Preconditioned2 (.05
Panicle dry weight (g) 63.6 68.5 4.6
. { 7.7}
Grain yield/plant (g) 50.9 54.0 3.47
( 6.1)
Seeds/panicle 1930 211% 147.2
{ 9.6)
1000=-3seed weight. (g) 29.04 28.55 0.76
(‘l-?)
g Grain/G5-3 day 1.59 1.71 ¢.12
per plant { 6.4)

lMeans averaged over growth stages and temperature treatments.

2 . .
Values in parentheses arc percent increases or percent decrease
(-) over the control (non-preconditioned).
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resulted in about 8%, 6%, 10% and 6% increases in panicle dry weight,
prain yield, seed number and grams of pgrain/GS5-3 day/plant, respectively.
The effects of preconditioning on seed size were, for all practical pur-
poses, negligible.

By comparing control and preconditioned plants under each of the
Lwo elevated night temperature treatments, it became more apparent that
the degree of benefit from preconditioning for yield and yield compo-
nents of 'RS 671' grain sorghum was a function of temperature treatment.
Greater benefits from preconditioning were observed under the ambient
+10 C treatment than under the ambient +5 C treatment (Table 33). That
type of relationship was consistent for all the yield-related attributes
measured in this experiment. The observation of greater benefits from
preconditioning for the ambient +10 C treatment rather than for the
ambient +5 C treatment was contrary to the observation made in Experiment
1V, In that experiment, greater benefits from preconditioning were
realized for the ambient +5 C treatment than for the ambient +10 C
treatment (Table 19). This could, at least in part, be attributable to
the significantly higher day ambient (37.5 C) and night ambient (20.4 C)
temperatures that prevailed during Experiment IV in 1978 (Table AT) as
against the lower day ambient (31.6 C) and the night ambient (18.5 C)
temperatures that occurred during the experiment in 1979 (Table
All). This implies that the ambient +10 C treatment in 1979 (Experiment
V) was less severe than the same treatment in 1978 (Experiment 1V) as
temperature treatments in both experiments were relative to prevailing
ambient temperatures, Common to both experiments, however, was the fact

that for either the lower or the higher temperature treatment, the



139

. er X ) . . juetd Jad
S1°0 65°1 9L 1 th' T S9° T 60°2 fep c-go/urean 5
£1°1 6662 60° 92 0£°TE AR 8592 (8] 3uB1am pess-0p0T
£°81c 26T 7LTZ BEST CETS 6532 eToTuURd/Spoag
5T1°6 1°0% 9°GG €' 9% € 2% £'99 (3} JUeTd/PTSTA UTeUDH
. X . . ) . {2)
96°9 979 5°69 8°85 L %9 1°¢8 JuSTen £Ip °ToTURg
J 0T + 3G + 201 + 06+
1USTqUY JuaTqUY JusTquy Jus TquIy
{G0")
as PSUCTITPUODSJI] TOJI3UOS juetquy
JUsileadlady

"6L6T ‘A IuswTJIadxg
PI8TS :(Sa¥el}s Ujmou¥ JoaC paledsar Suesw) ssanieaodwdsl JUBTU pa4BASTE omq O3 unysaos

UTBJZ TL9 SH JO sjuauodmod pTeTA pue pieTif Jo asuodsad syl uo JutuoraTpuodaad Jo 31991J3 "CE o1qe]



140
presence of some bhenefit from preconditioning was apparent and consist-
ent,, and substantial reductions in yielderelated attributes always
occurred from elevated night temperatures irrespective of precondition-
ing as against the ambient [Table 33},

Similar to observations made on Experiment IV, the effects of
preconditioning on attributes of plant growth and development in this
experiment were fairly negligible and of much less significance than on
yield-related attributes {(Table 34). There were virtually no signifi-
cant effects of preconditioning on plant growth and development despite

a tendency for these to be slightly enhanced by preconditioning.

Growth Stage Effects

Yield and yield components

Table 3% contains the rankings of the various pgrowth stages for
yield and yield components. The mest ¢ritical growth stage was found to
be a period of | days after floret differentiation {1"Dl to FDT}' This
was consistently the cage for every yicld-related attribute considered
in this experiment. The least sensitive growth stages were found to be

during the first 7 days after panicle initiation and during 7 days after

bloom (PI. to FI,

1 i and bloom, to bloom_ ). It is interesting and note-

1 7

worthy that the rankings of these growth stages were strikingly similar
to those observed in Experiment IV the previous year (Tables 21 and 35).
The magnitudes of reductions that were observed when elevated tempcra-
tures occurred during the most critical growth stage (FDl to FDT} were
approximately 21%, 25%, 38% and 26% for panicle dry weight, grain yield,

seed number and grams of grain/GS-3 day/plant, respeciively. It is



L4l

Table 34. Effect of preconditioning on growth and developmental
attributes of RS 671 grain sorghum exposed to two elevated
night temperatures: Field Experiment V, 1979.

Pretreatmentl
LSD os5)
Control Preconditioned =

Days to bloom 59.2 59.8 0.37
Days to physiological

matirlty 91.2 9l.4 0.36
G5-2 duration (days) 28.2 28.8 0.37
G5-3 duration (days) 32.0 31.6 0.52
Plant height (cm) 110.5 109.9 1.47

—_— e ———

lHeans averaged over growth stages and temperature treatments.
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probably safe to conclude that a period of | days preceding and 7 days
after floret differentiation was the most vulnerable to elevated night
temperatures. As usual, the most sensitive growth ustape(s) produced the
preatest seed weipht, with as much as 29% increase occurring at FDl Lo

FD?' This observation further confirmed the hypothesis that a mechaniom
for compensation operates in cereals when under some form of environmen-

tal stress such as elevated temperatures.

Plant growth and development

The various growth stages differed significantly with respect to
number of days to bloom, length of GS-2 period and plant height (Table
A34) .

When attributes of plant growth and development were considered
and the various prowth stages were ranked with respect to their respec-
tive vulnerability Lo elevated temperatures, a pattern identical to that
for yield-related attributes emerged. As usual, a period of 7 days

after floret differentiation {FDl to FD,) consistently proved to be the

7
most critical growth stage for all the growth attributes, while about 7

days after panicle initiation (PI1 to PIT, and 7 days after bloom

(blooml to bloom?) proved to be the least sensitive growth stages in

this experinent (Table 36). With respect to length of grain fill

(GS-3) and plant height, PI8 to FD, was the second most sensitive growth

1

stage stage, while FDB to bloom, was in that category for numbers of

1

days to bloom and physiological maturity and length of panicle expansion
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Correlations

Grain yield had significant positive correlations with panicle
dry weight (r= 0.98), seed number (r= 0.71) and grams of pgrain/G5-3 day/
plant (r= 0.79). The correlation between seed number and seed weight
(r= -0.46) was negative and significant (Table A3%). The correlations
observed between grain yield and each of the various yield components
and between seed number and seed size consistently followed trends common

to all the experimerits in the investigations reported here.



SUMMARY

Two greenhouse and three field experiments were conducted to
study the effects of elevated night temperatures on the yield and growth

of a grain sorghum (Sorghum bicolor (L.) Moench) hybrid. The genotype

used in these investigations was the 'RS 671' (Redlan x Tx 41%), an
open-pedigree temperate-adapted grain sorghum. The phenological growth
phase during which temperature treatments were imposed was the panicle
development (G5-2) period,

Experiments I, II (greenhouse) and III (field) were designed to
determine the response of grain sorghum to two elevated night tempera-
tures and the growth stage during GS-2 period when the plant is most
sensitive to elevated temperatures. Experiments IV and V (field) were
conducted with the same objectives as those for kxperiments I, IT and
III and also to determine the effect of artificial preconditioning on

the plant's response to elevated night temperatures.

Experiment L

Plants were exposed te 26.5 and 32 C night temperatures at 4-day
durations commencing from floret differentiation through bloom. The two
elevated night temperatures caused significant reductions in grain yield
and yield components except seed size that was enhanced (12%) by the
32 C treatment. Approximately 19%, 21%, 24% and 20% reductions in
panicle dry weight, grain yield per plant, number of seeds per panicle
and grams of grain/GS5-3 day/plant, respectively, were caused by the

3¢ C treatment. The 26.5 C treatment also caused reductions in these
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variables but to much lesser degrees. Numbers of days to physiological
maturity, length of pgrain fill (GS-3), plant heipght and panicle exertion
were significantly reduced by elevated temperature:s.

Highly significant positive correlations were observed between
prain yield and panicle dry weight (r= 0.98), seed number (r= 0.64) and
seed weipht (= 0.30), while a significant negative correlation occurred
between seed number and seed size (r= -0.44). Some degree of compensa-
tion by increased seed size for loss in seed number was apparent in this
experiment.

Only in terms of seed number and seed size did the various 4-day
growth stages differ significantly in their respective sensitivities to
temperatures. Growth stages closer to floret differentiation were more

sensitive to elevated temperatures than those closer to the bloom stage.
Experiment 11

The main objectives of this greenhouse experiment were the same
as those for Experiment I, differing only in that temperature treatments
spanned the entire panicle development period (from panicle initiation
throuish bloom) and sequential growth stages were of S5-day durations in
Experiment II.

The ambient and the 26.5 C treatment did not differ in their
effects on the variables measured as the average ambient night tempera-
ture during that period was 26.3 C. The 26.5 C treatment, in this case,
can,be considered ineffective. The 32 C treatment caused moderate

reductions in panicle dry weight (7%), grain yield (7%), seed number
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(18%) and harvest index (6%), but it caused about 23% increase in seed
size. Temperature treatment reduced the length of grain fill (GS=3)
period, grams of grain/GS-3 day/plant, plant height and panicle exertion
significantly, The 32 C treatment decreased specific leaf area (SLA)
and increased leaf weight ratio (LWR) and had no effect on total leaf
area.

It was somewhat difficult to discern the most sensitive among the
L-day growth stages in this experiment. This might be conditioned by
the higher-than-optimum ambient temperatures that prevailed during part
of that period. However, the last growth stage of panicle development

(PI,, to PIBO’ seemed to be the least sensitive, at least with respect

26
to seed number., It was, however, apparent that the second half of GS-2
period was more sensitive to elevated night temperatures than the first
half was. The highest degrees of reductions in panicle dry weight,
grain yield, seed number and harvest index occurred during that second
half. Plants that were temperature treated throughout the GS-2 period
were even less responsive than the second half. This could be suggest-
ive of some degree of temperature preconditioning early in the GS-2
period. With regard to the effects of temperature treatments on plant
growth and development, the growth stapge immediately after floret dif-
ferentiation (PI16 to PI20) was the most sensitive.

Significant positive correlations were observed between grain

yield and each yield component. As usual, seed number negatively cor-

related with seed size.
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Experiment III

This field experiment was conducted with the same objectives as
Experiment I with night temperature treatments being 26.5 C and 32 C as
well. Six 4-day growth stages within floret differentiation through
bloom were used in addition to three longer-duration growth stages in
G5=2.

The lack of significant differences between the two Lemperature
treatments for panicle dry weight, grain yield, seed number, 1000-seed
weight and harvest index could be a result of brevity of treatment dura-
tion compounded by the dynamic nature of field conditions. However,
each temperature treatment differed significantly from the control
(ambient) in its effects on these variables, both temperatures having
caused significant reductions with the exception of seed weight that was
increased by the 32 C treatment. Approximately 13% and 1%% reductions
in panicle dry weight and grain yield were caused by the 26.5 C and the
32 C treatments, respectively, with seed number being reduced 10% by the
26.5 C and 14% by the 32 C treatments.

Even though the two night temperature levels did not differ sig-
nificantly in their effects, they caused reductions in the numbers of
days to blocm and physiological maturity and the lengths of panicle
expansion and grain fill. There was a general tendency for elevated
night temperatures to hasten plant development by shortening develop-
mental growth stages. These reduction:s in panicle expansion and grain

fill apparently accounted for the observed yield reduction.
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The varicus growth stages differed significantly with regard to
their respective sensitivities to the elevated night temperatures. The
most sensitive growih stages were about 8 days preceding bloom stage
(FDI& to FD16 and FDl? to FD20). The greatest reduction in yield and
vield components occurred when plants were treated during either of
- these growth stages.
. Seed number and seed size were inversely related in this experi-
ment, having a significant negative correlation (r= -0,3%) between them.

Grain yield had significant positive correlation with each of the yield

comporients.
Experiment [V

This field experiment was conducted with the same cbjectives as
Experiment T, but in addition, it was to determine the effect of arti-
ficial preconditioning {"heat hardening") on the response of grain sor-
ghum to twoe levels of ambient night temperature elevations (5 C and 10 €
ébove ambient). Night temperature treatments involved treating plants
for 7-day periods (growth stages) from panicle initiation until 7 days
after bloom.

The two elevated night temperatures caused considerable reductions
in yield and yield components except seed weight that was increased. The
10 € above ambient treatment consistently caused greatler reductions than
the 5 C above ambient treatment. Approximately 18%, 19%, 30% and 17%
reductions in panicle dry weight, grain yield, seed number and grams of
grain/G5-3 day/plant occurred under the ambient +10C treatment. Reduc-

tiong in lengths of growth stages were not significant.
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Although there were no significant effects of preconditioning on
yield and yield components, there was a consistent tendency for precon-
ditioning to increase these variables. Such preconditioning effects
were much more apparent under the ambient +5 C treatment than under the
ambient +10 C treatment. No effect of preconditioning was apparent for
plant growth and development in this experiment.

The various growth stages (during which temperature treatments
were imposcd) differed quite significantly with regard to their respec-
tive temperature sensitivities. The greatest reducltions in grain yield
and yield components occurred during the first 7 days after floret dif-

ferentiation {FD1 to FD,), compared with the least sensitive growth

7
stage (7 days after bloom). Imposing temperature treatments during FD1
to FUY’ the most sensitive growth stage, caused about 43%, 44%, 57% and
42% reductions for grain yield, panicle dry weight, seed number and
prams of grain/GS-3 day/plant, respectively. This growth stage (F‘Dl to
FDT} and about T days prior to bloom (FD8 to bloom) were the most sensi-
tive growth stages with respect to plant growth and development, at
least for the numbers of days to heading and bloom and the length of
panicle expansion period.

Apparently, as the plant develops from panicle initiation toward
floret differentiation, its vulnerability to elevated night temperature
increases until beyond 7 days after floret differentiation, when its
tolerance starts to increase,

Significant positive correlations were observed between grain

vield and each component of yield, while a significant negative correla-

tion occurred between seed number and seed size (r= =0.60).



Experiment V

This ficld experiment was a repeat of Experiment TV with Lhe
exception of measurements of leaf heat tolerance, leaf carbon dioxide
exchange and grain dry matter accumulation that were included in this
experiment.

Preconditioning had no significant effects on leaf heat tolerance
determined by the leaf-disc electrical conductivity method at various
growth stages during the panicle development period. Leaf discs were
heat treated at 53.5 C for 15 min on all test dates. Prevailing field
weather conditions had significant impact on the levels of heat toler-
ance obtained on each test date, high heat injury occurring on cool,
overcast days.

Previously imposed elevated night temperatures (5 C and 10 €
above ambient treatments) had significant effects on leaf photosynthetic
rates measured by a portable plexiglas chamber infrared gas analysis
technique. On the first two dates, leaf photosynthetic rates were
higher for plants treated with the ambient +5 C than for control (ambi-
ent) plants, but that relationship was reversed on three subsequent
measurement dates. However, photosynthetic rates of plants treated with
ambient +10 C temperature were consistently much lower than those of the
control (ambient) and the ambient +5 C plants. Summarized for all meas-
urement dates, the control (ambient) and the ambient +5 C treatment did
not differ significantly, but the ambient +10 C treatment reduced leaf
photosynthetic rates considerably. The overall mean photosynthetic

rates for plants under the control, the ambient +5 C and the ambient
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"l, respectively.

+10 C treatments were 33.5, 34.7 and 26.3 mg C02 dm-z hr

Kernel dry weights, kernel growth rates and relative kernel growth
rates measured at weekly intervals from 10 days after tip-bloom were sig-
nificantly influenced by night temperature treatments. Kernel dry weight
and kernel growth rate significantly increased with increasing night
temperature during the linear grain growth phase but not close to physi-
ological maturity stage. Relative kernel growth rates were enhanced by
the ambient +10 C treatment during the first 3 weeks after bloom but not
thereafter.

Both the ambient 45 C and the ambient +10 C treatments caused
gignificant reductions in panicle dry weight, grain yield, seed number
and grams of grain/GS-3 day/plant, but the higher temperature caused a
significant 15% seed size increase. The ambient +5 C and the ambient
+10 C treatments caused reductions of 19% and 26% in panicle dry weight;
19% and 28% in grain yield; 19% and 34% in seed number and 19% and 28%
in grams of grain/GS-3 day/plant, respectively. The considerable in-
crease in seed size can be associated with the considerable reduction in
seed number by the higher temperature level.

Consistent positive effects of preconditioning were observed for
panicle dry weight, seed number and grams of grain/G5-3 day/plant but
not for grain yield.

The most sensitive growth stage was found to be a period of 7
days after floret differentiation {Ful to FD71 and that was conusistently
the case for all yield-related attributes. The least sensitive jsrowth
stages were the first 7 days after panicle initiation (PI1 to PIT} and

the first 7 days after bloom (bloom1 to bloom?). These conditions were
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true for both yield and growth attributes and quite similar to those

results obtained in Experiment IV,

Significant positive correlations were observed between grain

yield and each yield component, while seed number negatively correlated

with seed size (rz =0.46).

Based upon the results of this series of experiments, the follow-

ing conclusions are in order:

l.

Brief periods (a week or less) of elevated night tem-
peratures are capable of causing yield reduction in
grain sorghum,

Elevated night temperatures occurring during GS-2
period are more detrimental to yield than plant growth.
The plant's response to elevated temperatures is depend-
ent on the growth stage at which they are imposed.
Artificial heat preconditioning provided only limited
beneficial effects on the plant's response to elevated
temperatures.

A period of up to about one week after floret differen-
tiation (appearance of stamen and pistil primordia)
appears to be the most sensitive growth stage during
panicle development to elevated night temperatures in

grain sorghum.
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Table Al. Composition ¢of the modified Hoagland-Arnon nutrient solution.?

Nutrient
Compound Amount (g/1) . Element
Supplied
KNO3 _ 0.706 K
Ca(ND3)2 0.950 Ca
45% P205 . 0.325 F
MgSOA 0.120 ' Mg
NHQSOQ 0.084 N
KCl 0.004 Cl
Iron Chelate (10% Fe)  0.060 Fe
(Sequestrene 330 Fe; Ciba-Geigy)
H3B03 0,00155 B
EmSOQ-H2O 0.00085% Mn
ZnSOQ-HZO 0.00058 Zn
Cu504-5H20 0.00013 Cu
{NH, ) ,Mo_D 4H20 0.00Q16 Mo

46 T 24

aC. Y. Sullivan, personal communication.
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Table A2, Greenhouse ambient temperatures during Experiment I (1977)
summarized by growth pericds {stages).

Growth FPeriond

Ambient Temperature (C)

Maximum Minimum Mean

FDl to FD, 38.4 20.4 29.4
F05 to FD8 35.8 21.4 28.6
F‘D9 to FD12 35.6 21.2 28.4
FD13 to FD16 34,0 27.0 30.5
FDl to Bleoom 36.0 22.3 29.2
Mean 36.0 22.5 29.2
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Table A3. Greenhouse ambient temperatures during Experiment II (1978}
summarized by growth periods {stages).

Growth Period

Ambient Temperature (C)

Maximum Minimum Mean

PIl to PI5 32.6 22.6 27.6
PI6 to PI10 33.4 23.0 28.2
PIll to PI15 37.2 32.0 34.6
PIlB to P120 39.6 27.5 33.6
PIZl to P125 33.0 3l.6 32.3
P126 to PI30 39.0 26.3 32.6
PIl to FDl. 33.8 23.3 28.5
FDl to Bloom 37.0 25.8 31.4
PIl to Bloom 35.4 24.6 30,0
Mean 35.7 26.3 3l1.0




Table A4.

Field ambient temperatures during Experiment III (1977)

sumnarized by growth periods (stages).
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Growth Period

Ambient Temperature (C)

Maximum Minimum Mean

FIl to FDl 35.7 17.7 26,7
FIl to Bloom 36.2 21.2 8.7
FDl to Bloom 36.0 20.8 28.4
FDl to FDQ 34.5 22,2 28.4
FD5 to FDg 37.2 26. 4 31.8
FD9 to FDl2 36.5 23.3 29.9
FD13 to F‘Dl6 35.3 16.3 25.8
FDlT to FD2O 35.6 16.2 2%.9
Mean 35.9 20,5 28,2
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Table A5. Climatic data for 1977 for the University of Nebraska farm at
Lincoln.l
Ambient Temperature (C)
Hoita L Ave. Ave. Maan Highest Lowest2
Max. Min. (date) (date)
May T6-82 26.2 15. 4 20.8 31 10
(17) (10)
June T1=79 30.1 18.6 24,3 37 13
( 6) (7
July 66-T4 33.2 21.7 27.4 38 14
(18) (1)
August 79-85 28.3 18.0 23.2 34 k3
(27) (11)
September 84-87 25.6 15.2 20.4 31 10
( 9) (26)
October 84-87 17:4 1.6 12.5 26 0
(27) (12)
1

Nebraska Climatological Data, Vol. 82, 1977.
Center, Asheville, North Carolina.

National Climatic

2Figures in parentheses are dates of the month the highest or
lowest ambient temperatures occurred.
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Table A6, Maximum and minimum daily ambient air temperatures {C) at the
University of Nebraska-Linceln for May through September,

19771
Day of May June July August September
Month Max. Min. Max. Min. Max. Min. Max. Min. Max, Min.
1 18 14 26 16 27 14 29 16 28 18
2 26 13 29 13 32 22 33 18 27 i7
3 26 16 28 19 33 23 31 20 23 18
4 25 18 29 22 37 25 33 19 27 21
5 28 14 36 23 36 25 32 20 27 20
6 26 16 37 18 37 26 27 18 27 17
7 26 11 26 13 37 21 31 18 31 18
8 24 16 29 18 32 21 34 26 31 21
9 23 13 36 15 32 17 30 19 31 13
10 24 10 25 19 31 19 27 19 24 13
1l 22 11 37 22 32 17 24 13 26 13
12 25 13 32 20 28 20 26 15 27 18
13 28 15 24 18 a2 24 26 1Y 23 16
14 27 17 23 16 37 24 2 18 22 1l
15 29 16 30 20 37 22 21 16 23 10
16 29 16 34 21 32 24 33 19 21 14
17 31 16 32 20 36 26 22 16 28 17
18 27 19 29 18 38 27 27 16 27 19
19 29 16 29 17 37 27 25 17 26 10
20 24 16 31 19 37 26 30 17 21 12
21 25 15 29 16 37 22 30 18 23 13
22 23 13 22 16 27 21 26 17 27 14
23 25 14 27 20 30 23 23 16 24 14
24 28 18 30 21 34 24 27 14 27 16
25 29 19 31 19 37 22 26 18 27 16
26 29 21 32 19 29 15 29 19 25 10
27 29 18 34 22 26 17 34 24 27 11
28 23 15 35 22 30 19 30 17 22 14
29 29 17 27 14 31 18 26 14 21 16
30 28 18 31 20 a4 21 21 21 25 16
31 22 14 - - 36 17 31 18 —-— -
X 26.2 15.4 30,1 18.6 33.2 21.7 28.3 18.0 24.6 15,2
1

Nebraska Climatological Data, Vol. 82, 1977. National Climatic
Center, Asheville, North Carolina.
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Table A7. Ambient field temperatures during Experiment IV (1978} sum-

marized by growth periods.

Growth Period

Ambient Temperature (C)

Maximum Minimum Mean

PIl to PIT 32.7 24.0 28.3
PIB to FDl 42.0 23.0 32.5
FDl to FD7 35.6 19.7 25.7
E“DS Lo Blooml 38.3 18.7 28.5
Bloom1 Lo Bloom7 39.0 16.6 27.8
Mean 37.5 20.4 28.6
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Table A8. Climatic data for 1978 for the University of Nebraska farm
at Lincoln.l
Ambient Temperature (C)
Month % RH Ave, Ave. Mea Highest Lowest2

Max. Min. n {date} (date)

May 81-88 21.5 11.6 16.6 a3 2
(25) ( 2)

June 7988 29.0 17.8 23.4 39 8
(17) ( 8)

July T79~86 30.8 20.1 25. 4 38 14
( 6) (23)

August T7-84 31.0 19.1 25.1 38 11
(la) { 4)

September 80-86 27.6 15.9 21.8 36 7
{ 8) (21)

Qctober 72-78 1.2 5.8 12.5 29 0
{21) (28)

INebraska Climatological Data, Vol. 83, 1978.

Center, Asheville, North Carclina,

National Climatic

2Figures in parentheses are dates of the month the highest or
lowest ambient temperatures occurred,
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Table A9, Maximum and minimum daily ambient air temperatures {C} at the
University of Nebraska, Lincoln, for May through 3September,

1978.

Day of May June July August September
Month  max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
1 14 T 18 12 36 22 29 19 33 18
2 14 2 19 10 32 21 28 20 3 17
3 16 4 26 14 34 21 28 16 32 19
4 14 8 26 13 35 24 24 11 33 20
5 13 7 27 13 38 27 26 14 33 19
6 17 ) 28 17 38 20 28 19 35 19
7 10 T 26 16 27 19 31 18 35 18
8 14 8 2e 8 29 18 33 21 33 16
9 15 8 26 14 29 22 35 19 32 17
10 22 11 31 20 24 16 32 19 32 17
11 27 17 33 21 24 16 30 19 33 23
1z 25 16 33 16 26 19 31 18 31 21
13 i8 9 27 14 36 2l 33 22 23 12
14 22 8 31 20 28 20 38 26 26 11
15 24 g 34 23 30 19 36 19 28 16
16 23 9 37 24 iz 22 26 16 29 14
17 21 11 39 25 35 25 32 21 18 12
18 22 13 30 17 36 22 36 21 N 18
19 25 17 30 18 32 21 24 13 26 13
20 28 13 32 16 33 21 27 16 14 g
21 21 10 24 13 29 21 29 21 21 4
22 25 14 28 18 27 19 35 24 22 7
23 18 17 22 18 23 14 36 25 24 7
2h 24 17 28 2L 27 16 37 24 28 11
25 33 19 33 24 29 22 37 22 26 10

26 32 19 35 2l 35 21 36 24 26 1
27 28 16 31 19 3l 19 32 21 23 9
28 23 16 29 21 30 18 3l 18 25 8
29 27 13 35 24 35 22 27 14 18 11
30 22 13 35 25 27 i 24 14 20 9
31 28 13 - - 2f 19 28 17 - -
X 21,5 11.6 29.0 17.8 30.8 20.1 31.0 19.1 27.3 14.8

lNebraska Climatological Data, Vol. 83, 1978. Naticnal Climatic
Center, Asheville, North Carclina.
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Table A10. Percent relative humidities recorded at the experimental
site during various treatment periods (growth stages) in
1979, Experiment V.

% Relative Humidityl

Treatment Period

08:00 am 20:00 pm Mean

PIl to PI7 72 79 76
PI8 to FDl 90 85 88
FDl to FD7 87 78 83
FDB to Blocml 69 70 70
Blooml to Bloonl7 64 81 75

lValues are averages for seven-day periods.
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Table All. Field ambient temperatures during Experiment V in 1979 sum-
marized by growth periods,

Growth Period

Ambient Temperature (C)

Maximum Minimum Mean

PIl to PI? 31.0 15.6 23.3
PI8 to FDl 33.9 19.1 26.5
FDl to FD? 31.9 19.1 25.5
FD8 to Blooml 37.4 24,1 36.8
Blooml to Bloom7 24.0 14.8 19.4
Mean 31.6 18.5 25.1
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Al4., Mean squares for dry weights of laminae, sheaths, stem,
panicle and aboveground plant total of RS 671 grain sorghum
as affected by two night temperatures imposed at certain
growth stages during panicle development: ! Greenhouse

Experiment I, 1977.

source of

Aboveground

variation d.f. Laminae Sheaths Stem Panicle clant total
Check vs others 1 5.63 Q.25 23.50% 172.43 471.65%
Temperature {T) 1 8.60% T 44%% B2 )1 %% 37T Tk QY( TokE
Stages (3) 4 4.62 2.96% 19.15*% 417.30%%  Q32,36%*
T xS 4 1.05 3.45%% 27 Q6%¥  702,20%% 902,57#*
Residual 30 1.99 Q.79 4.90 47.42 71.53
Total 43 2.46 1.38 10.26 158.38 269.84
CV % g.47 9.51 11.97 13.86. g.19

lDry weights determined after physiological maturity.

* denoteszs significance at P=0.05,

##* denctes significance at P=0,01.
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Table Al5. Mean squares for dry weight of roots and shoot:root ratio of
RS 671 grain sorghum as affected by two night temperatures
imposed at certain growth stages during panicle development:
Greenhouse Experiment I, 1977.

Sou?ce'of d.f. Root Top:root

variation dry weight ratio
Check vs others 1 4,015 0.465
Temperature (T) 1 7.944 0.484
Stage (S) 4 T0.403%% 14.7T16%%
TxS 4 66, 358%% 20.702%%
Residual 38 10.296 2.294
Total 52 19.132 5.035
CV % 31.34 31.19

% denotes significance at P=0.01.
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Table AZ7. Partial correlation coefficients determined among panicle
dry weight, grain yield/plant, number of seeds/panicle,
1000-seed weight, and grams of grain/G3-3 day of RS 671
grain sorghum hybrid: Field Experiment IV, 1978,

Grain yield Seeds per 1000-seed Grams grain/

per plant panicle weight G8-3 day/plant
Panicle dry weight 0.954%% 0.TT7## -0.120 0.925%%
Grain yield/plant —_— 0.7524% ~0.033 0.984%n
Seeds/panicle - =0, 596## 0.710%%
1000-seed weight - ~0.023

* denotes significance at P=0.05.

% denotes significance at P=0.01.
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Table A28, Mean squares from ANOVA performed for percent heat injury
of RS 671 leaves combined for various test dates: Experi-

ment V, 1979.

Source of

variation d.f. Mean square
Late 4 5626,11%%
Pretreatment 1 _ 0.27 ns
Date x Pretreatment 4 _ o 99.51 ns
Residual 99 _ . 78.66
Total _ 119 o 281.25
CV % 15.47

#% denotes significance at P=0.01

ns denotes nonsignificance at P=0.05.
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Table A29. Mean squares of the ANOVA's performed for RS 671 leaf
photosynthetic rates at five different dates: Experiment

vV, 1979.
Source of '
variation d.f. July 25 dug. 1 Aug. 8 Aug. 9 Aug. 17
Temperature 2 437.00% 184.94 ns  78.53% 420,81 %% 4.B2 ns
Pretreatment 1 12.70 nz 17.1Q9 ns 0.03nz T2.72 ns 4,03 ns
Reaidual 14 78,38 88,74 18.25 37.42 19.75
Total 17_ 116.68 T1.14 24.27 84,60 17.07
CV % 24.27 18.07 15.60 24.0Q 17.33

* denotes significance at P=0.054.
** denotes significance at P=0.01.

tia denctes nonsignificance at P=0.058.
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Table A30. Mean squares of the ANOVA performed for leaf photosynthetic
rates of R3 671 combined by dates: Experiment V, 1979.

Source_of d.f. Mean square
variation
Date ' 4 1041 .84%%
Temperature ) 2 618,22%%
Pretreatment 1l | 19.14 ns
Residual 82 49, T4H
Total 89 106,76
CY % | 22.40

*% denotes significance at P=0.01

ns denotes nonsignificance at P=0.05,



199

*ECOTY

-d1q 4833 SAEBD JO LmnE:zH

"G00 0=d 3P SOUBTITUTISUCU S890USE SU
10°0=d 3® B8OUBDTJTUTTS SII0USD xi
..mo.oum 3B ADUBDTITUSTIS €O30USD
55°g 1Lk 00" 0T 655 0g g 8691 % AD
g6 €2 GT°6T 91°'ST gh "4 092 890 £y 1B10L
261 Lt L1 LG LT ¥0° TT O g L0 0T TenpIsay
sSU £ 1T SUG LL°E U G696 SU H6°6 gU 162 gU 90 % 98e3g X dwsjg
¥#0C°9TT #%09°901 #16'4%9 Su 16 6T SuU 19°9 sSu 1€°T h afeag
2% CEL G691 Su g5 He Su g1°i9 S0 30°9 #8L 9T #5%°9 T aanyedsdus]
T A20T4
- UOT4BTJIRA
Hm: amm Ham HJN Hha HOM P JO 824N08
*6L6T ‘a juewrgadxy :(¢=gH) TITJ UTe ¥ Buranp STEAJSIUT ATHooM
SNOTJBA 3% pAUTUILOPR SYBTem AJp T9UIOM 0] powrojued §,YAQNY Wouj sSaJenbs uesy

*TEV @7qe]



200

‘G0 0=d 3® |ouBdTJTUFTSUOU S§8j0UID SU
*10°0=d 1' 22UBDTJTUTTS S90UaD gy

*G0°0=d 3® SDJUEDTJTUFTS Saj0UaP 4

0841 na 4L 60" 06 66° 1€ 60" 6T 612 % A2
100°0 10000 16000 20000 100°0 810°0 €4 Teq0
90000 100°0 100°0 100°0 100°0 0100 0T Tenprsay
SU 200°0 SU T000'0  SU 2000°0  Su T000°0  SU T00°0  SU §20°0 b afieqg x dusy
#€00°0 SU T000°0  SU 4000°0 ##100°0  SU £00'0 #0400 ¥ afeqg
#a£10°0  SU y000°0  Su £000°0 #100°0  #8020°0  ##29T°0 T sanjeadusy
1 $oTg
£480 Go-gt 8E-T€ 1€-H2 h2=L1 LT-0T
aJT3ug | | | —_— uoTyETIRA
3o sdunog

(uooT1q=d1y Ja3je sAep) syeAdsjul ATesM

*6L6T ‘A jusuwtaadxy :potuad £=-gn FUTJINp STBAJIJUT 2Irotdad
32 PauTWJa3ap S83BJ YIMOUF TauJdN IATIETSI J0J pawdogaad s,YAONY wouy saaenbs uesy *26y o1qel



201

"T0'0=d 1B DIURDTITUTTS S230UD 4

*G0"0=d 18 9DUBDEITUTTS S970URL

6EET . 3715 CLTRT g2l 79°LT

% AD
6660 95 €1 £9°186°692 2246 91°92T 69 TEl0]
£50°0 1272 89°9£1'e8 £L.°6% 12°18 02 TEnpISOY
2£2'0 16°¢€ 24797192 ‘696 BT 6GT %7L°26% 1 jusuRBRUgRay
9560 ¥8L° 12 | #82°69T°18¢ 96708 9t *gg T a%e3g x dwey
##G2H°0 #%2E€ 26 ##18°089°982°1 $%x£8°26€ %%£2 " 0GY Y o%e3g
##985°0 #2000 HTT %x#25°'896°T82 ‘2 *%x08°1Lly ¥L1°Ch 1 aanieasdus],

i Ha01d

TR et ceveveess  (IRULL MR ge mem

"BLAT A quswTJgadxd pi1eld qusudoTossp
o1oTued Butdanp sefels YmoJd snoraea 9= pasodwl sadnieaadusy UITU pajBAsTe oMy £q
paduUsnNTJUT S® wnudaos ured® 1.9 Sy JO AEp €£-5o/utedd Jo swedd pue quSTem peos-000T

‘gToted/spass Jo Jaqunu ‘jueTd/pTeTA uTedS ‘quItem Aup apotued J0J satenbs uesy

"EEY S1ael



202

“10°0=d 1B aouRSTITUSTS

£940USD 4y

£gote 91°'¢t 152 9L°0 0 1 % AD
¢ "L 6" 1 95°¢ 16°¢ Gq'¢ "G4 18107
e's 0T 15°0 g0 156°0 ¢ TENPISEY
69y 962 2xT6" % 8EH sa16'Y T JUBE] BEILOU]
81°¢8 94T %% 1E°0T 86°% %1€ 0T 4 aFels x dusgg
#*»18°6L2 9¢°g £x£2°60T 10 #x£2°6T 4 a¥esg
#x5T1°€0L 20°¢g xxc0° 0y sx0G* 09 2x20° 08 1 aarnadaoduay,
z %007g

e R . AT e

Y3noa3 snolJes 1€ pesodut seanmedsdws) JUFIu ps3eAsTs omg AQ paousnTjuy

"6L6T ‘A jusuTaedxy pleTg :iuswdeTsasp eroTued Sutunp sefese

£z mnyBaos

UTeds 1.9 SH JO udtoy quetd pue (£-gD) TTTJ UTRJF puR (g-gp) uoTsuedxd av>Tued
Jo suorjedanp ‘L3Tanjew Te2T30T0TSAYd pue woolq o3 s£ARp JO sJoqunu J0] sadenbs uesk

"HEY 9Tqey



203

Table A35. Partial correlation coefficients determined between grain
yield and its components for RS 671 grain sorghum: Field
Experiment V, 1979.
Grain yield Seeds/ 1000=-seed Grams grain/
/plant panicle weight (i3-3 day/plant
Panicle dry weight 0.98%% 0.70%% -0.18 0.97%%
Grain yield/plant -— Q. 71%s -0.16 0. 79%#
Seeds/panicle - ~0.46% 0.T6%*
1000-seed weight - -0.28

* denotes significance at P=0.05.

#% denctes significance at P=0.01.



