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Abstract Zinc (Zn) deficiency and heat stress affect
the productivity of cereal crops in many semi arid
regions of the world. Zinc nutrition affects membrane
integrity and activity of superoxide dismutase (SOD)
enzymes which are also important to a plant’s ability
to cope with high temperatures. Two experiments
were conducted to examine the interaction between
Zn nutrition and heat stress at two growth stages.
Wheat was grown at deficient and adequate levels of
Zn at 22/16°C before being exposed to a short period
of high temperature (40/20°C). One experiment
examined the response to a 3 day heat stress treatment
at 10 days after anthesis and the second experiment
examined the response to 6 days of heat stress in 30-day
old seedlings. Varieties differing in thermotolerance
and sensitivity to Zn deficiency were compared. Zinc
deficiency and heat stress reduced kernel growth
rates, kernel weight and grain yield and the greatest
reductions were measured in Zn-deficient, heat
stressed plants. The greater reduction in kernel
growth rates from heat stress in Zn deficient plants
occurred in both thermotolerant and sensitive vari-
eties and was negatively associated with grain Zn
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concentration. Genetic differences in tolerance to Zn
deficiency did not have consistent effects on the
response to heat stress. Chlorophyll fluorescence
and chlorophyll content were reduced and chloro-
plast ultrastructure was disrupted by heat stress and
the effect was exacerbated by low supplies of Zn.
While the responses to heat stress and low Zn were
largely additive effects, the experiments demonstrated
that low levels of Zn nutrition can exacerbate the
adverse effects of short periods of heat stress on
kernel growth and chloroplast function.
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Introduction

In the field environment plants are exposed to
multiple and often coincident stresses. Consequently,
the ability to respond to one stress may be influenced
by the severity of other stresses. While interactions
between different environmental stresses are frequently
acknowledged when yield limitations of crop plants
are discussed, they are seldom studied. Even the
interactive effects of the common abiotic stresses,
drought and heat stress, are not well understood
(Barnabas et al. 2008). The experiments described in
this paper examined the interactions between heat
stress and zinc (Zn) deficiency, two abiotic stresses
that are important limitations to wheat yields in many
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cereal growing regions of the world where alkaline
soils occur.

Heat stress is a major cause of reductions in yield
and quality in many of the world’s major wheat-
growing regions (Paulsen 1994). The risk of yield
losses from heat stress is also likely to increase in a
number of regions with the predicted increases in
mean temperatures and in the frequency of hot days
associated with global warming (Easterling et al.
2007; Ainsworth et al. 2008). The optimum temper-
ature for vegetative growth and grain filling of wheat
is between 15°C and 20°C (Paulsen 1994) and
temperatures significantly above this range are regu-
larly experienced in semi arid regions of Australia,
West Asia and North America. As well, crops are
often exposed to short periods (2—5 days) of very high
temperatures (=35°C) during grain filling and such
periods of heat shock further damage crops and
reduce grain quality (Stone and Nicolas 1994).

Heat stress induces many responses in the plants,
but one of the important causes of injury is by
changes in membrane structure, which results in loss
of function and increases membrane leakiness (Sayed
2003; Wahid et al. 2007). While the integrity of all
membranes is reduced by heat stress, the tonoplast is
relatively more heat stable compared with the photo-
synthetic membranes (Weigel 1983). High temper-
atures can damage the photosynthetic apparatus of
plants and inhibit the thylakoid membrane activity of
chloroplasts before the visual symptoms of high
temperature occur and this is reflected in changes in
chlorophyll fluorescence (Berry and Bjorkman 1980;
Al-Khatib and Paulsen 1990). Lesions in the chloro-
plast envelope caused by short periods of very high
temperature also result in the loss of chloroplast
contents (McCain et al. 1989). This damage to plant
membranes by heat stress is associated with increased
generation of reactive oxygen species (ROS) (Liu and
Huang 2000; Barnabas et al. 2008). To reduce the
accumulation of ROS, plants employ a system of
physiological antioxidants, one of which is the
enzyme, superoxide dismutase (SOD), which scav-
enges the superoxide radical molecule (O, ) in
chloroplasts (Foyer and Harbinson 1994). Of the
three isoenzymes of SOD (CuZnSOD, MnSOD and
FeSOD) CuZnSOD and FeSOD are found in chlor-
oplasts and play an important role in protecting the
membranes from peroxidation of membrane lipids
and maintaining membrane integrity (Cakmak and
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Marschner 1988; Yu et al. 1998; Cakmak 2000).
Therefore, adequate Zn may help maintain photosyn-
thetic activity and preserve membrane integrity under
heat stress (Cakmak and Marschner 1988; Cakmak
2000).

Zinc deficiency is prevalent in West Asia, southern
Australia and South Asia (Cakmak 2000; Rashid and
Ryan 2004; Alloway 2008), regions that regularly
experience high temperature stress. Given the role of
Zn in maintaining membrane integrity it is feasible
that adequate Zn nutrition helps to protect plants from
the damaging effects of high temperature stress. For
example, in a field study on the effects of sowing date
and Zn nutrition on grain filling, in which the number
of days with temperatures greater than 35°C during
grain filling increased from 4 to 9 with late sowing,
kernel weight in the central spikelets was lower at the
later sowing date (36.0 mg seed ' to 32.4 mg seed )
under a low supply of Zn whereas plants grown with
supplementary Zn showed no significant difference in
kernel weight (35.3 mg seed ! and 37.1 mg seed ';
LSD=3.2 mg seed ') (Graham 2004). However, there
is little information on the interaction between Zn
nutrition and heat stress. The present study was
designed to investigate the role of Zn nutrition in
thermotolerance. Genotypes that differ in thermotol-
erance and sensitivity to Zn were used to examine
whether these is a genetic link between tolerance to
the two abiotic stresses.

Materials and methods

Two experiments were conducted during the repro-
ductive and vegetative phases of plant development.
The first experiment examined the effects of a single
period of heat shock 10 days after anthesis and the
second examined the effects of high temperature
during vegetative growth. In both experiments, plants
were grown at different levels of Zn, which were 0.2
and 2 mg Zn kg ' (Zny, and Zn,; Experiment 1) and
0, 0.2, 2 and 20 mg Zn kg{1 (Zng, Zng,, Zn, and
Znyy, Experiment 2). In the first experiment the
interest was in examining responses during grain
filling in plants that were marginally Zn deficient
rather than having growth greatly impaired by severe
Zn deficiency. The aim was to generate differences in
the Zn concentrations in the leaf tissue without
causing large differences in growth which, because
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of factors such as differences in stem number or in
water use, may have affected the response to high
temperatures. The second experiment extended the
range of Zn treatments to generate more severe
deficiency and very high Zn levels in the plants.

Soil preparation

The plants were grown in a Zn-deficient siliceous
sandy soil (Laffer sand, DTPA-extractable Zn=
0.07 mgkg_l) collected from a naturally vegetated
area near Tintinara, in the southeast of South
Australia. The soil was passed through a 2 mm
stainless steel sieve, washed three times with deion-
ised water and air dried in a glasshouse. Soil was
weighed into polythene-lined pots, and calcium
carbonate powder (0.3% w/w) was added to raise
the pH to 8.0. The following basal nutrients were
applied in solution separately to each pot (in mgkg ™’
dry soil): NH4NOs, 350; KH,PO,, 150; K,SO,4 120;
MgS0,4.7H,0, 90; CuS0O,4.5H,0, 5; MnS0,4.4H,0, 7;
H3BO3, 1, COSO4.7H20, 1, FeSO4.7H20, 07,
H,Mo00,4.H,0, 0.5 and NiSO,4.6H,0, 0.15. Zinc was
applied as a solution of ZnSO,4.7H,0 to correspond to
the Zn treatments selected for each experiment. These
nutrients were thoroughly mixed through the soil
before nanopure water (18.2 Mohms cm™ ' resistivity)
was added to bring the soil moisture content to 12%
(w/w), which corresponded to field capacity. The soil
was allowed to equilibrate in the pots for 24 h before
seeds were sown. In Experiment 1, solutions of
NH4NO; (120 mg N kg ' dry soil) and K,SO,
(54 mg K kg™ dry soil) were applied to each pot at
four and six weeks after sowing, respectively, and in
Experiment 2 a solution of NH;NO5 (120 mg N kg ™'
dry soil) was applied to each pot at 22 days after
sowing (DAS).

Genotypes

Four wheat genotypes differing in their tolerance to
Zn deficiency (defined as Zn efficiency; (Graham
1984)) and to high temperature were used: Frame
(moderately thermotolerant, moderately Zn efficient);
Goldmark (moderately thermosensitive, Zn ineffi-
cient); Halberd (heat tolerant, Zn efficient) and
Meering (heat sensitive, Zn efficiency). The Zn
efficiency of the genotypes was based on previous
screening of germplasm (McDonald et al. 2001) and

the classification of the heat tolerance of Halberd and
Meering was based on their responses to heat stress
during grain filling (Wrigley et al. 1994; Stone and
Nicolas 1995b) while those of Frame and Goldmark
were based on previous studies with these varieties
(Graham 2004). With the exception of Halberd all are
semi-dwarf varieties of bread wheat released by
breeding programs in southern Australia. Each of the
genotypes had a seed Zn content of between 500 and
550 ng seed .

Seed preparation and sowing

Uniformly-sized seeds were pre-germinated on filter
paper at 20°C for 24 h in sterile Petri dishes after
being surface sterilised by soaking in 70% (v/v)
ethanol for 1 min, followed by sodium hypochlorite
(3% active chlorine, v/v) for 6 min and rinsed three
times in nanopure water. In Experiment 1, the plants
were grown in 3 kg of washed sand in 2 L pots and in
Experiment 2 plants were grown in 1.4 kg of washed
sand in 1.2 L pots. Uniformly-germinated seeds were
planted 15 mm deep. A 1 cm layer of acid washed
black polypropylene beads was placed on the soil
surface of each pot. Pots were watered to weight daily
with nanopure water to maintain the soil water
content at field capacity (12% (W/w)).

Heat treatment

Plants were initially grown in a growth room at 22/16°C
day/night temperature and a 14 h photoperiod. The
intensity of photosynthetically active radiation (PAR)
varied from 600 to 725 umols 'm > at the plant
canopy level. A second growth room (light intensity
715-825 pumols 'm 2 at the plant canopy level) was
used to impose the heat stress treatments (40/20°C).
Pots were transferred to the high temperature growth
room at the appropriate growth stage at the beginning
of the night cycle. Rather than have a rapid transition
between the night and day temperatures, the day
temperature was gradually increased from 20°C to
40°C at a rate of 7°C h™" after which it was maintained
at 40°C for 8 h. The temperature was then reduced at a
rate of 7°C h™'. This resulted in a mean temperature
during the 14 h. photoperiod of 34°C. During the heat
stress treatment the plants were watered to 12%
moisture content four times per day to ensure that
water stress did not confound the effect of heat stress.
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Experiment 1: Heat stress during early grain filling

Ten pre-germinated seeds were sown in each pot and
thinned to eight uniform plants per pot after emer-
gence. The youngest emerged leaf blade (YEB) was
sampled from one plant of each replicate at 38 DAS,
and analysed for Zn and other nutrient concentrations
by ICP spectrometry (Zarcinas et al. 1987).

Each main stem ear was labelled with the date of
the first anther exertion (growth stage 60 (Zadoks et
al. 1974)) and the date of all subsequent operations
was related to the average anthesis date for each
genotype. Only plants that flowered within 3 days of
one another were used in the experiment. Heat
treatments were applied for 3 days starting from
10 days after anthesis (DAA).

Chlorophyll fluorescence measurements were
made 4-5 h into the light period on the flag leaves
of two plants per pot at regular intervals from 5 days
prior to anthesis until the leaves began to senesce.
Measurements were made using a Hansatech Plant
Efficiency Analyser (PEA) (Hansatech Instruments
Ltd., King’s Lynn, UK) after dark-adapting the leaves
for 30 min. Measurements were made approximately
2 cm from the leaf tip. Each leaf was illuminated with
saturating light of 3,000 umolm s ' at 650 nm for a
period of 5 s.

One plant from each pot was harvested at 10, 13,
20 and 35 DAA, and separated into main stem and
tillers. The grains from the basal florets of the four
central spikelets of the main stem (two on each side),
the remainder of the gains from the main stem and the
tillers were removed. The grains and remainder of the
plant parts were oven dried at 80°C for 48 h and
weighed. Flag leaf area was determined at ten DAA
using a Paton Electronic Planimeter (Paton Industries,
Pty Ltd., South Australia).

Leaf chlorophyll content was measured on the flag
leaves of two plants per pot at two-day intervals from
nine DAA until leaf senescence. Leaf chlorophyll
content was estimated non-destructively by measuring
leaf greenness using a portable SPAD (Soil Plant
Analysis Development)-502® chlorophyll meter
(Minolta Camera Co. Ltd., Japan). Three measure-
ments were made along the leaf blade, midway
between the mid-rib and leaf margin whenever
possible.

At maturity (50 DAA), two plants per pot were
harvested from each replicate, and separated into

@ Springer

main stem and tillers. Grain weight from three parts of
the plant was recorded: four grains from the two basal
florets in the two central spikelets, the main stem and
the whole plant. The grain, straw and chaff were oven
dried at 80°C for 48 h and weighed. Grain nutrient
concentration was determined by ICP spectrometry
after digestion in nitric acid-perchloric acid (Zarcinas
et al. 1987).

The experiment was conducted in adjoining
growth rooms and prior to the transfer to the heated
growth room the treatments were arranged as a 4x2x
2 factorial, randomised block design with four
replicates. Although the heated plants were only
removed from the growth room for 3 days, the two
temperature treatments were considered as separate
‘environments’ and the data was analysed as a
combined analysis over the two heat treatments with
Heat treatment, Variety and Zinc level considered as
fixed effects (MclIntosh 1983). Data were analysed by
ANOVA using the Genstat statistical program. Treat-
ment means were compared using LSD at the 5%
probability level.

Experiment 2: heat stress during vegetative growth

Fourteen uniformly germinated seeds were sown
into each pot, and later thinned to 12 uniform plants
per pot. The temperature regime in Experiment 2
was altered from that used in Experiment 1. The
recovery from the short period of heat stress in
Experiment 1 was rapid so it was decided to expose
the plants to a longer period of heat stress.
Therefore, plants were exposed to high temperatures
for 6 days rather than 3 days. Heat stress commenced
30 days after sowing (DAS) using the method
described in Experiment 1.

Leaf chlorophyll content was measured on the
youngest emerged leaf blades (YEBs) of two plants
per pot at 39 DAS. Chlorophyll fluorescence meas-
urements were made on YEBs of two plants per pot at
regular intervals from 25 DAS until the end of the
experiment at 39 DAS.

Two plants from each pot were harvested prior to
the heat stress treatment (28 DAS), and again at the
end of the experiment (39 DAS) and dried at 80°C for
48 h and weighed. YEBs from two plants of each
replicate were sub-sampled at 39 DAS, and analysed
for nutrient concentrations by ICP spectrometry
(Zarcinas et al. 1987).
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The YEBs from two plants per pot of Frame and
Goldmark were harvested at 28, 31 and 39 DAS, 7 h
into the light period, and placed immediately in
liquid N and stored at —80°C. The activity of SOD
(EC 1.15.1.1) was assayed using the method of
Giannapolis and Reis (1977) as modified by Dhindsa
et al. (1981). Seven hundred milligrams of leaf
tissue (without necrotic areas) was homogenised on
ice for 2 min in a mortar and pestle containing 7 mL
of 50 mM Hepes buffer and 0.1 mM Na,EDTA at
pH 7.6. The homogenate was centrifuged twice at
13,200 g for 15 min at 4°C and the supernatant was
used for the assay. The reaction mixture (5 mL)
contained 50 mM Hepes (pH 7.6), 0.1 mM EDTA
(pH 8.0), 50 mM Na,CO; (pH 10.4), 13 mM
methionine, 0.025% (w/v) Triton X-100, 75 uM
NBT, 2 uM riboflavin and the enzyme aliquot (0 to
500 pL). Riboflavin was added last and the tubes
were shaken before being placed in front of a light
bank consisting of two 15 W fluorescent lamps. The
reaction mixtures were illuminated for 10 min. at a
light intensity of 270 umolem s ™' after which the
tubes were covered with a black cloth. One unit of
SOD activity was defined as the amount of enzyme
required to cause 50% inhibition of the rate of NBT
reduction measured at 560 nm. Identical reaction
mixtures that had not been illuminated were used to
correct for background absorbance. Activity of
CuZnSOD is inhibited by cyanide, while Fe-SOD
is not sensitive to cyanide but is inhibited by H,O,.
MnSOD is unaffected by both H,O, and cyanide.
Activity of MnSOD was measured after addition of
potassium cyanide (KCN) and H,O, to the assay
solution at a final concentration of 3 mM and 5 mM,
respectively. Preliminary studies of FeSOD activity,
obtained by subtracting MnSOD activity from the
activity yielded in the presence of 3 mM KCN only,
found the activity of FeSOD was not measurable.
Activity of CuZnSOD was therefore determined by
subtracting MnSOD activity from the total SOD
activity in assay solutions containing no KCN or
HzOz.

Leaf pieces of approximately 1 cm? excluding
necrotic areas, were harvested 2 cm from the tip of the
YEBs of Frame and Goldmark at 33 DAS, 7 h into
the light period and were placed immediately in
2.9 mL of EM fixative (1.25% glutaraldehyde, 4%
sucrose, 4% paraformaldehyde in phosphate buffered
saline, pH 7.2) and stored at 4°C before examination

by transmission electron microscopy. Leaves from
two treatments, Zn, and Z,, were used. Leaf segments
were recut to 1 mm® under glutaraldehyde and
washed twice in phosphate buffered saline plus 4%
sucrose, for 10 min each time. Samples were post-
fixed in 1% osmium tetroxide for 2 h and dehydrated
in a graded series of acetone (70%, 90%, 95%, 100%)
and then infiltrated overnight with a mixture of epoxy
resin and 100% acetone (1:1), followed by three
changes of 100% epoxy resin of 8 h each, and
embedded in fresh resin. Polymerisation was completed
in 24 h at 70°C. Ultra thin sections of 70 nm were cut
on a diamond knife (Diatome, Fort Washington, PA,
USA) using a Reichert Ultracut E Ultramicrotome
(Leica-Reichert, Vienna, Austria), and collected
from the knife’s water bath on 200 mesh Cu/Pd
grids. The sections were stained for 20 min with
5% uranyl acetate in 70% ethanol, followed by
20 min with 0.4% lead citrate (Reynolds 1963).
Sections were examined with a Philips CM100
Transmission Electron Microscope (Philips Electron
Optics, Eindhoven, The Netherlands) at an acceler-
ating voltage of 80 kV, and photographed with an
analysis® Mega-View II digital image capture
system. Qualitative observations were made of
approximately 120—150 randomly chosen mesophyll
cells in each plant, photographs were taken of at
least three random sites in three sections, and
representative pictures are presented.

Prior to and after imposition of the heat stress
treatment the pots were arranged as a 4x4x2
factorial, completely randomised block design with
four replicates. The sowing of each replicate was
staggered, 7 days apart, in order to allow sufficient
time for all measurements to be taken. The statistical
model and analysis was the same as that described
for Experiment 1.

Results

Experiment 1

Growth prior to heat stress

At 38 DAS the mean Zn concentration of the YEBs
in plants grown at 0.2 mg Zn kg ' was 17 mgkg ™",

which confirmed the plants were marginally defi-
cient in Zn (Reuter and Robinson 1997). There was
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no significant difference among the four varieties.
By comparison, at 2 mg Zn kg ' the Zn concentra-
tion in the YEB was 50 mgkg '. The lower Zn
supply only had a relatively small effect on shoot
growth. At 10 DAA reducing the supply of Zn
significantly reduced the mean flag leaf area from
15.4 cm?® to 13.7 em? (P=0.05). There was no Zn x
Variety interaction. The dry weight and tiller number
were unaffected by Zn treatment or Variety and the
mean values were 3.1 g plant™' and 2.4 tillers
plant !, respectively.

Chlorophyll content

Both heat stress and Zn treatment affected green leaf
retention, but with few significant interactions be-
tween them. The varieties differed significantly in
their response to high temperature (Fig. 1). Frame
showed no response to high temperature and Halberd
showed a small response with a significant difference
between the two heat treatments only occurring at
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35 days. In contrast Goldmark showed a large and
immediate decline in leaf chlorophyll content during
the period of heat stress and Meering showed a
significant decline 10 days after the heat treatment.
The area under the curves was used to assess the
duration of chlorophyll retention: it was not signifi-
cantly reduced by heat stress in Frame and Halberd
but was reduced significantly in Goldmark (33%
reduction) and in Meering (17%).

Initially, leaf chlorophyll content was significantly
lower in plants grown under low Zn supply, but later,
senescence was significantly delayed (Fig. 2). Conse-
quently there was no significant effect of Zn treatment
on the duration of chlorophyll retention. The only
time when there was a significant Zinc x Heat
treatment interaction was immediately after the end
of the heat treatment, 13 days after anthesis, when the
reduction in leaf chlorophyll content due to high
temperature was significantly greater (17% reduction)
under low zinc supply than under adequate zinc
supply (10%).
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Chlorophyll fluorescence

Zinc deficiency did not affect the chlorophyll fluo-
rescence ratio (F,/F,,) prior to exposure to heat stress
and all varieties showed a similar value. The F,/F,
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values decreased sharply within 24 h. of exposure to
heat stress followed by a slower reduction or, in the
case of Frame, no further decline until the end of the
heat stress treatment (Fig. 3). Meering showed
the greatest reduction and Halberd the least. Zinc
deficiency exacerbated the decline in all varieties
except Meering. Once the heat stress was removed,
there was a rapid recovery in all varieties to values
similar to or greater than that of the control. Zinc
nutrition did not affect the recovery.

Heat stress increased initial fluorescence (Fy) and
reduced the maximum fluorescence (F,,) and the
values recovered to the control levels once exposure
to high temperatures ceased (data not presented). The
effects of Zn deficiency on F, and F,, were small and
non-significant.

Grain yield and kernel growth
While the trends in the effects of heat stress and Zn

treatment were similar in the main stem and tillers, the
magnitude of the effects were smaller in the tillers.
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The timing and duration of the heat treatment was
based on the commencement of anthesis on the main
stem and therefore exposure to stress in the tillers
would have been different. Therefore, the results will
concentrate on the changes in the main stem rather
than the whole plant.

Zinc deficiency reduced grain yield of the main
stem by an average of 11% (1,067 mg c.f. 963 mg,
P=0.013) with no significant difference among
genotypes in the effect of Zn. Heat stress at 10
DAA significantly reduced the grain yield in Gold-
mark and Meering by approximately 20% but did not
affect the yield of Frame and Halberd (Table 1). Heat
stress reduced grain yield by the same amount at
both levels of Zn: at Zn, », yield was reduced by 10%
from 1,005 mg plant ' to 913 mg plant ', while at
Zn,, the reduction from heat stress was also 10%,
from 1,129 mg plant ' to 1,013 mg plant '. Conse-
quently, when the two stresses occurred together (heat
stress at low Zn), the combined loss in yield was
20%, from 1,129 mg plant ' to 913 mg plant .

Table 1 Effects of heat stress on main stem grain yield (mg
plant "), kernel weight (mg) of the main stem and grain Zn
concentration (mgkg ') in four genotypes of wheat. Plants were
grown at 22/16°C until 10 days after anthesis on the main stem
and exposed to heat stress for 3 days. Values are averaged over
the Zn treatments as the Variety x Heat X Zinc interaction was
not significant

Heat treatment Variety

Frame Goldmark Halberd Meering
Grain yield
Control 1,045 1,066 1,053 1,097
Heat stress 1,045 848 1,095 857

LSD (P=0.05) (a) Within temperature:101.6
(b) Other comparisons: 107.6
Kernel weight
Control 25.4 25.7 29.3 24.5
Heat stress 26.2 22.1 30.1 20.2
LSD (P=0.05) (a) Within temperature: 2.09
(b) Other comparisons: 1.92
Grain Zn conc.
Control 25.7 27.7 39.3 24.9
Heat 26.9 31.5 31.7 26.1
LSD (P=0.05) (a) Within temperature: 2.85
(b) Other comparisons: 2.74
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Reducing the supply of Zn decreased the number
of grains set in the main stem ear slightly, from 41.8
grains spike ' to 38.9 grains spike ! (P<0.01).
Exposure to 3 days of heat stress did not significantly
affect the number of kernels set (41.1 c.f 39.5 grains
spike”! at 22/15°C and 40/20°C respectively) so
variation in yield due to heat stress was due to the
effects of high temperature on kernel weight. Kernel
weight was not reduced by heat stress in Frame and
Halberd, but was reduced by 15%—18% in Goldmark
and Meering. Zinc deficiency reduced average kernel
weight in the main stem at maturity by 4% (26.2 mg
at 20/15°C ¢.f24.7 mg at 40/20°C) and the response
was the same in both the control and heat stress
treatments. As with grain yield, the responses to heat
and Zn were additive and lowest kernel weight
occurred in Zn-deficient plants exposed to heat stress.

Heat stress for 3 days slowed grain growth, but the
response differed among the varieties and depended
on the level of Zn nutrition (Fig. 4). The thermotol-
erance of Frame, Halberd and Goldmark was evident
at the higher level of Zn but when the varieties were
marginally Zn-deficient the sensitivity of kernel
growth to temperature stress increased. Meering
showed the greatest sensitivity to heat stress among
the four varieties irrespective of the Zn supply.

The initial effects of heat stress on kernel growth
were examined by calculating the kernel growth rates
at the end of the heat treatment, 13 DAA, from the
slope of the fitted quadratic regression. Under Zn
deficiency, heat stress reduced kernel growth rate by
between 28% and 42%, but when the Zn supply was
adequate the reductions in growth rate were between
3% and 14% (Table 2). The variation in kernel growth
rate among the four genotypes during the period of
heat stress were positively correlated with F,/F,,, but
the reduction in kernel growth rate was greater among
the plants growing under low Zn (Fig. 5). At 20/16°C
all F,/F, values were high and there was no
association between chlorophyll fluorescence and
kernel growth rates.

Grain Zn concentration

Adding Zn increased grain Zn from 13.1 mgkg ' to
45.4 mgkg ' on average, and the heat stress treatment
did not affect this response (Zinc x Heat stress
interaction non-significant). There were significant
differences in grain Zn among the genotypes, but the
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differences depended on the Zn treatment (Genotype X
Zn interaction P<0.001). Without additional Zn
Halberd had the highest grain Zn concentration
(15.6 mgkg ") and this was significantly greater
than the remaining three varieties, which had similar
grain Zn concentrations—Goldmark (13.0 mgkg ™),
Frame (12.5 mgkg ') and Meering (11.1 mgkg ';
LSD=2.85). When Zn was applied, greater differences
were evident among the genotypes: Halberd again had

Time after anthesis (days)

the highest concentration (55.4 mgkg ') but Gold-
mark (46.2 mgkg ') had a significantly higher Zn
concentration than Frame (40.2 mgkg ') and Meer-
ing (39.8 mgkg '; LSD=2.85). The heat stress
treatment did not affect this response (Heat stress x
Genotype X Zn interaction non-significant). There
was an inconsistent response in grain Zn concentration
to heat stress among the four genotypes with Goldmark
showing a significant increase, Halberd a significant
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Table 2 Effects of zinc

nutrition and heat stress on Zinc and heat treatment Variety

the kernel growth rate

(mgd™") of the main stem in Frame Goldmark Halberd Meering

four genotypes of wheat at B

20 days after anthesis. Plants 0.2 mg Zn kg

were grown at 22/16°C Control 1.482 1.291 1.783 0.971

until 10 days after anthesis Heat stress 0.868 0.926 1.279 0.612

on the main stem and )

exposed to heat stress for Reduction (%) 42 30 28 37

3 days. Growth rates were 2 mg Zn kg~

C}i‘lcu‘ited fr‘?‘? the slope of Control 1.333 1.373 1.544 1.224

t

ﬁgegotgfgxit;egfgsgm Heat stress 1287 1.188 1350 1.070
Reduction (%) 3 14 13 12

decrease and Frame and Meering showing no signifi-
cant change in grain Zn concentration with high
temperature (Table 1).

Experiment 2
Growth prior to exposure to heat stress

At 28 DAS all genotypes showed a similar response to
the application of Zn (Genotype x Zinc interaction non-
significant) with shoot biomass increasing up to 2 mg
Zn kg ' before declining at 20 mg Zn kg ' (Table 3).
Subsequent tissue analysis indicated that the magne-
sium (Mg) and sulphur (S) concentrations of plants
grown at 20 mg Zn kg ' were close to their critical
levels (see below) which may have contributed to the
reduction in growth at the highest Zn concentration.

20
18 o)
1.6 %
14 - °
12 ¢ ] 4
1.0 o o
0.8

0.6 [ O
0.4
02

OO L L L L 1 L L L L 1 L L L L |
0.70 0.75 0.80 0.85

Fv/Fm during heat stress

Kernel growth rate during stress
(mg day™)
]

Fig. 5 The relationships between the mean F,/F,, and kernel
growth rate during the 3-day period of heat stress among four
varieties of wheat. The plants were grown at 0.2 mgkg ' Zn
(white circle, white square) or 2 mgkg ' Zn (black circle, black
square) at either 20/16°C (white circle, black circle) or 40/20°C
(white square, black square)
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Halberd produced the largest seedlings (mean shoot
dry matter = 476 mg plant ") while the other genotypes
produced similar biomass (365-375 mg plant ).

Nutrient concentrations of the YEBs

Heat stress increased the Zn concentration in the
YEBs at Zn, and Zn,, in all varieties except Gold-
mark, but had no effect on Zn concentration at
Zng or Zng, (Fig. 6). The greatest increase in Zn
concentration was measured in Frame. Adding Zn
significantly reduced the concentrations of a num-
ber of other nutrients, the most notable of which
were Mg and S where the concentrations at Znj,
were reduced to values close to the critical values
for deficiency. Magnesium was reduced from

Table 3 Effects of zinc nutrition on shoot biomass prior to heat
stress, at 28 DAS and on leaf chlorophyll content (SPAD units),
shoot biomass at 39 days after sowing (mg plant ') and on
growth rate (mgd™") between 28 and 39 days after sowing in
four genotypes of wheat. Values at 39 DAS are the means of
plants grown at 22/16°C and 40°/20°C as the Zn x Heat stress
interaction was not significant

Sampling time (days after sowing)

28 39
Soil Zn Shoot Chlorophyll ~ Shoot Growth
(mg kg™ dry content dry rate
matter matter
0 384 43.0 666 25.7
0.2 416 40.4 825 37.1
2 412 42.8 846 39.5
20 376 37.9 781 36.7
LSD (P=0.05) 20.8 1.75 24.7 3.89
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Fig. 6 The effect of soil zinc concentration on the Zn
concentration of the youngest emerged leaf blades of four
genotypes of wheat grown at 20/15°C (black circle) or exposed
to 40/20°C (black square) for 6 days. Leaves were sampled at

2,070 mgkg™' (Zng) to 1,490 mgkg ' (Zng,, and
Zn,) and 1,270 mgkgf1 (Zn,g). Sulphur concen-
trations were 3,050 mgkg ' (Zng), 2,500 mgkg '
(Zng,, and Zn,) and 2,400 mgkg71 (Znyg). The
concentrations of all other nutrients were within the
adequate range for growth.

Chlorophyll content

High temperature significantly reduced the chloro-
phyll content in the YEBs of Goldmark (20%) and
Meering (10%) but not in Frame and Halberd
(Table 4). Chlorophyll content was significantly lower
at Zng, and Zn,, (Table 3). There was no significant
interaction between heat stress and Zn treatment on
chlorophyll content.

Chlorophyll fluorescence
There was an immediate decline in F,/F,,, when plants

were exposed to high temperature, followed by a slow
recovery until the heat stress was removed (Fig. 7).
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the completion of the period of heat stress. The bars are the
LSD (P=0.05) for (a) comparisons within temperature treat-
ments and (b) other comparisons

There was no significant difference between varieties
in the response to heat stress. No evidence of
permanent injury due to heat stress was evident
because the plants recovered to the control level
within 24 h after the heat stress ended.

Zn fertilisation affected the F,/F, ratio of the
heat-treated plants during the first 4 days of the heat
stress period (Temperature x Zinc interaction signif-
icant, P<0.05), with no difference in the response
among the varieties. The reduction in F,/F,, was
least at Zn, and Zn, and greatest at Zng, and Zn,,
and this difference was maintained during recovery
from heat stress. The effects of Zn treatment on F,/F,,
mirrored those observed in chlorophyll content
(Table 3). Measurements of F,/F,, of plants maintained
at 20/16°C were not influenced by Zn treatment.

Initial fluorescence (F,) increased immediately
with heat stress and the magnitude of the response
depended on the Zn treatment (Fig. 4). The greatest
increases occurred at Zng, and Zn,o,, while the
smallest change occurred in Zn,. Leaves recovered
quickly and were similar to the control values after 3—
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Table 4 Effects of heat stress on chlorophyll content (SPAD
units) and shoot biomass at 39 days after sowing (mg plant™")
and shoot growth rate (mgd ") between 28 and 39 DAS in four
genotypes of wheat. heat stress temperature for 6 days

Heat treatment Variety

Frame Goldmark Halberd Meering

Chlorophyll content
Control 44.0 39.2 42.5 45.0
Heat stress 442 324 40.6 40.4
LSD (P=0.05): (a) Within temperature: 1.20
(b) Other comparisons: 1.32
Shoot dry matter
Control 788 676 1,046 739
Heat stress 723 694 891 679
LSD (P=0.05) (a) Within temperature: 49.1
(b) Other comparisons: .64.6
Growth rate
Control 37.6 28.1 51.5 349
Heat stress 314 29.1 37.9 27.5
LSD (P=0.05): (a) Within temperature: 5.44
(b) Other comparisons: 6.54

4 days. The decline in F;,, with heat stress was also
affected by the level of Zn nutrition, but there was
little recovery in F,, until the heat stress was removed.

Shoot growth

Shoot growth was significantly affected by heat stress
and Zn supply, with no interaction between the two.
The effect of heat stress differed among the varieties:
it significantly reduced shoot dry matter in Halberd by
15% but had no significant effect on the other
genotypes (Table 4). Growth rate was reduced by
heat stress, with Halberd (25% reduction) and
Meering (21%) showing significant reductions and
Frame and Goldmark unaffected (Table 3).

Applying Zn up to 2 mg Zn kg ' increased shoot
dry matter production and growth rates increased but
it then declined at 20 mg Zn kg ' (Table 3). There
was no significant difference between varieties or a
Heat stress X Zinc interaction.

CuZnSOD activity

There was no effect of Zn treatment on Mn SOD (data
not presented) and the variation in total SOD activity
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was caused by the changes in CuZnSOD activity. At
28 DAS activity of CuZnSOD increased with the level
of Zn nutrition (Table 5) and the mean activity of
Frame was significantly greater than Goldmark (21.1
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Fig. 7 Changes in fluorescence ratio (Fv/Fm), initial fluorescence
(Fp) and maximum fluorescence (F,,) in wheat grown at different
levels of soil Zn and exposed to high temperature stress (40/20°
C) for 6 days (open symbols) or maintained at 22/16°C (closed
symbols). The period of heat stress is indicated by the horizontal
bar. Error bars are the LSD (P=0.05). The Zn treatments are
0 mg Zn kg ' (black circle, white circle) 0.2 mg Zn kg ' (black
square, white square), 2 mg Zn kg ' (black diamond, white
diamond), and 20 mg Zn kg ' (black triangle, white triangle)
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vs. 12.8 units g ' FW, P<0.01). The higher SOD
activity with increased Zn supply was maintained at
31 DAS. Heat stress significantly increased SOD
activity in plants that were grown at the two lowest
levels of Zn, but not in plants grown at 2 mg Zn kg™
or 20 mg Zn kg '. There was no significant difference
in SOD activity between Frame (16.0 units g ' FW)
and Goldmark (14.4 units g ' FW).

At 39 DAS, 3 days after the heat stress treatment,
CuZnSOD activity in the control plants increased as
Zn supply increased from 0.2 to 20 mg Zn kg ', but
surprisingly, the CuZnSOD activity at 0 mg Zn kg '
was high, and not significantly different to that
measured at 2 and 20 mg Zn kg ' The CuZnSOD
activity in the heat stressed also increased with Zn
supply and they were also significantly lower than the
control at 0 mg Zn kg ' and 0.2 mg Zn kg '. Activity
declined between 31 DAS and 39 DAS in the plants
exposed to heat stress and grown at 0 mg Zn kg ' and
0.2 mg Zn kg ', whereas in the control plants
CuZnSOD activity increased.

Chloroplast ultra-structure

Both heat stress and Zn nutrition altered the ultra-
structure of chloroplasts (Fig 8). The effects, sum-
marised in Table 6, indicate that heat stress and Zn
deficiency had slightly different effects on the type of
damage observed. However, when both stresses
occurred together, the severity of damage increased
markedly.

Table 5 The effect of the level of Zn nutrition and heat stress on
the activity of CuZnSOD in the youngest emerged leaf blade.
Plants were grown at 22/16°C until 30 days after sowing and
exposed to heat stress for 6 days. The data for 31 DAS and 39

Mesophyll cell chloroplasts from plants grown
with adequate Zn fertilisation at 22/16°C were well
developed, with distinct chloroplast envelope mem-
branes (Fig 8a, b). Numerous grana and stromal
thylakoid membranes were distributed evenly
throughout the granular stromal matrix, and starch
grains were also obvious within the stroma. Thyla-
koid granum stacks lay parallel to the longitudinal
axis of these chloroplasts and small, electron-dense,
plastoglobuli were apparent within the stroma

Chloroplasts from Zn deficient plants at 22/16°C
were swollen (Fig. 8c, d) and in many cases the
envelope had ruptured completely, allowing leakage
of the stroma contents into the cytoplasm. There was
an increase in the number of plastoglobuli within the
stroma of these chloroplasts, as well as evidence of a
reduced number of thylakoids per granum stack.
Furthermore many grana had undergone a change in
spatial orientation, becoming perpendicular or at an
angle to the longitudinal axis of the chloroplast.
Goldmark, had a greater number of ruptured chlor-
oplasts than Frame. There was also evidence of
swelling of the thylakoid membranes within the
chloroplasts of Goldmark, resulting in an increase in
the volume of the intrathylakoid space.

When subject to heat stress but grown at adequate
level of Zn, the thylakoid membranes of both varieties
were swollen and the intrathylakoid spaces increased
(Fig. 8e, f). Large plastoglobuli were present within the
stroma, and the starch grains within the chloroplasts
were smaller and fewer compared with those main-

DAS were transformed to log (X+1) for the analysis of variance
and means are shown in parentheses along with the data back-
transformed to an arithmetic scale. All values are the means for
Frame and Goldmark

Zinc treatment CuZnSOD activity (units g FW ")

28 DAS 31 DAS 39 DAS
Control Heat stress Control Heat stress

0 2.0 1.1 (0.331) 16.5 (1.245) 36.7 (1.576) 6.1 (0.854)
0.2 9.9 11.4 (1.093) 25.8 (1.428) 24.1 (1.416) 16.0 (1.231)
2 28.2 23.6 (1.392) 30.3 (1.496) 30.8 (1.503) 26.5 (1.439)
20 27.7 18.9 (1.298) 23.6 (1.392) 39.0 (1.602) 31.0 (1.505)
LSD (P=0.05) 8.30
(a) within Temp (0.1751) (0.1412)
(b) Other (0.2060) (0.1408)
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tained at 22/16°C. The number of thylakoids per
granum stack had increased, and many grana were
irregular in shape. Both Frame and Goldmark exhibited
similar abnormalities in response to heat stress.

Chloroplasts from wheat plants grown under both
Zn deficiency and high temperature stress suffered a
much greater level of damage than those subjected to
either stress independently (Fig. 8g, h). These
chloroplasts were both swollen and ruptured and were
virtually devoid of starch grains. The combined
stresses resulted in thylakoids that were extremely
swollen. The number of thylakoids per granum stack
was increased, and these grana were highly irregular
in shape and orientation. Very large, densely stained,
plastoglobuli were evident throughout the stroma. The
simultaneous stresses also caused some damage to
other parts of the cell that were not obvious when
each stress occurred alone. This damage included
distortion of the cell wall (observed predominantly in
the Zn-inefficient variety, Goldmark) and rupture of
the tonoplast, which resulted in the cytoplasmic
contents leaking into the vacuole. Goldmark exhibit-
ing a greater degree of structural injury than Frame
when subjected to both Zn deficiency and high
temperature stress.

Discussion

Individually both Zn deficiency and high temperature
stress can reduce growth and grain yield in cereals but
the interaction between the two stresses has not been
much studied. This work has provided evidence that
some responses to heat stress can be modified by the
severity of Zn stress and that adequate levels of Zn
nutrition can alleviate the detrimental effects of high
temperatures.

Grain yield of the main stem was reduced by a
3-day exposure to high temperature from 10 DAA in
two of the four wheat varieties (Goldmark and
Meering) due to a reduction in kernel weight.
However, growing plants under a low supply of Zn
increased the sensitivity of the developing kernel to
heat stress, even in thermotolerant varieties (Fig. 3,
Table 2). The two genotypes that showed the greatest
reduction in kernel growth rate at Zny, (Frame and
Meering) also had the two lowest grain Zn concen-
trations (Table 1). The Zn concentrations of the
kernels were low but not atypical of Zn concentra-
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Fig. 8 Transmission electron micrographs of wheat mesophyll
chloroplasts at 33 DAS, from two varieties grown at 22/16°C
(a—d) or 40/20°C (e-h) (x19,000). a, e Frame, supplied with
adequate Zn (2 mgkg ' soil); b, f Goldmark, supplied with
adequate Zn (2 mgkgf' soil); (¢, g) Frame grown with no
supplementary Zn (0 mgkg ' soil); d, h Goldmark grown with
no supplementary Zn (0 mgkg71 soil). Abbreviations: cw = cell
wall; st = starch grains; g = grana stacks; t = tonoplast; p =
plastoglobuli; arrow indicates ruptured chloroplast envelope

tions commonly found in wheat crops in the region
(McDonald 2006; Peck et al. 2008) and the plants
were not showing visual symptoms of Zn deficiency.
The responses observed in the current experiment
suggest that adequate Zn nutrition of the developing
grain can help to alleviate the detrimental effects of
heat stress on grain growth and that this can occur in
plants showing a marginal deficiency in Zn.

The reduction in kernel growth was observed
some time after the stress had ended and it was not
related to the observed changes in chlorophyll
content of the flag leaf. This suggests the effects
of the treatments on kernel weight were though
changes within the grain rather that in the supply of
photosynthate. This is supported by the data in
Fig 5, which show that kernel growth rates were
reduced by heat stress to a greater degree in Zn-
deficient plants even when there were comparable
reductions in chlorophyll fluorescence in the two Zn
treatments. Moreover, the reduction in grain growth
rates from heat stress at Zn , was related to the grain
Zn concentration among the four genotypes suggest-
ing the Zn nutrition of the developing grain may
influence its sensitivity to high temperatures. Previ-
ous studies on the effects of heat stress have
concluded that the primary cause of low kernel
weights from heat stress is a reduction in starch
deposition due to fewer endosperm cell numbers and
by heat inactivation of enzymes responsible for
starch synthesis rather than due to changes in
assimilate supply (Jenner et al. 1991, Stone and
Nicolas 1995a). The responses observed in Experi-
ment 1 are consistent with this. Heat stress was
imposed early in grain development during cell
division and the commencement of cell enlargement
and starch synthesis. The nature of the response
suggests that heat stress may have reduced kernel
growth by limiting endosperm cell division (Stone
and Nicolas 1995a) and that this effect was exacer-
bated by Zn deficiency. Without measurements of
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Table 6 Summary
of changes ultrastructural
damage to wheat leaf

Symptoms

Zinc deficiency only Zinc deficiency Heat stress only
(Low temperature) and Heat stress  (Adequate zinc)

mesophyll cells and their

chloroplasts in response zinc Injuries to membranes

deficiency and heat stress Ruptured tonoplast ++
cond1tlor}s..T11.e severity of Swollen chloroplasts o "
damage is indicated by the
number of crosses, from no Ruptured chloroplasts ++ +++
discernable damage (no Swollen thylakoids + +++ ++
crosses) and severe damage Other injuries
(+++). Assessment was Distorted cell wall N
based on observations of istorted cell wa
120-150 randomly selected Absence of starch grains =+ +
mesophyll cells for the Larger granum stacks + +
Frame and Goldmark Smaller granum stacks +
Altered orientation of granum stacks + ++ +
More plastoglobuli +
Larger plastoglobuli + +

starch synthesis it is not known if the activity of key
enzymes involved in starch synthesis were also
affected by Zn treatment.

Despite the decline in the kernel growth rate from
heat stress in Zn deficient plants, final kernel weight
was not affected by heat stress in Frame and Halberd
because of a decline in kernel weight as the grain
matured. This phenomenon has been noted in a
number of experiments but has not been satisfactorily
explained (Jenner 1982). Nevertheless, the results
suggest that the levels of grain Zn in crops marginally
deficient in Zn may be inadequate to fully protect
grain growth from heat stress.

There was also evidence that in vegetative tissue
the level of Zn nutrition modified the sensitivity of PS
IT activity to heat stress. Zinc deficiency alone did not
affect F,/F, significantly but it increased the reduc-
tion in F/F,, under heat stress. When exposed to high
temperatures, there was an immediate reduction in
F,/F, in both experiments and the decline was
significantly greater in plants grown under marginally
deficient levels of Zn (0.2 mg Zn kg ' soil) than in
plants adequately supplied with Zn (2 mg Zn kg™
soil). The low values for F,/F,, observed with Zn, in
Experiment 2 appeared to be caused by nutrient
imbalances (particularly low Mg and S) associated
with the high leaf Zn concentrations, rather than a
direct effect of the high Zn concentrations. Interest-
ingly, the reduction in F,/F, in the severely Zn
deficient plants in Experiment 2 was significantly less
than that observed in the moderately deficient plants
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and this was associated with a surprisingly high
chlorophyll content at Zn, (Table 3). The reason for
the greater retention of chlorophyll and the smaller
reduction in variable fluorescence in the severely Zn
deficient plants is not immediately apparent.
Changes in F,/F, can reflect changes in chloro-
plast ultrastructure. Zinc deficiency damaged the
structure of the chloroplasts and disrupted the
structure of the thylakoids and greater damage
occurred in the Zn-inefficient variety Goldmark.
These changes are similar to those reported in leaves
of Zn deficient plants previously (Brown et al. 1993;
Chen et al. 2007). The severity of damage was
increased with heat stress. Previous studies have
examined the effects of Zn on chloroplast structure
(eg Chen et al. 2007) or on chlorophyll fluorescence
(eg Wang et al. 2009) but few studies have tried to
link structural changes to changes in fluorescence.
The remarkable observation from the present experi-
ments was the apparent resilience in the activity of the
PS 1II despite the significant amount of internal
disruption that occurred within the chloroplasts.
While Zn deficiency altered chloroplast ultrastructure,
there was relatively little effect of Zn deficiency on
F,/F,. Heat stress increased the deterioration of
chloroplast structure and there was a significant
reduction in F,/F,, due to heat stress. However,
chlorophyll fluorescence recovered quickly once the
heat stress was removed. This occurred in leaves at
two different stages of growth and when the length of
the period of heat stress differed (3 days vs. 6 days).
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This indicates that plants may have effective repair
mechanisms that allow them to cope with short
periods of heat stress.

The ability to detoxify ROS generated during heat
stress is an important mechanism to minimise
membrane damage (Almeselmani et al. 2006; Cui et
al. 2006). CuZnSOD is one member of a complex and
coordinated array of enzymic and non-enzymic anti-
oxidants that protect cells from oxidative stress.
Production of SOD is the first response, converting
the damaging superoxide radical to H,O, (Cakmak
2000). However, the effect is transient: there is an
initial increase in the activity of SOD upon first
exposure to stress, followed by a decline because of
reduced synthesis, enhanced degradation or inactiva-
tion of the enzymes (Cakmak and Marschner 1988;
Yu et al. 1998, 1999; Cui et al. 2006). Based on the
changes over time measured in plants exposed to heat
stress, Zn deficiency compromised the ability to cope
with heat stress in both these phases. Firstly, the
activity of CuZnSOD in Zn-deficient plants was low
immediately after exposure to heat stress (31 DAS)
and secondly, the large decline in activity at 39 DAS
suggests the ability to maintain CuZnSOD activity
over a prolonged period was reduced in Zn-deficient
plants. When grown at either Zn, or Zny,, CuZnSOD
activity was high and more stable over time during
the period of heat stress and during the recovery.

The high SOD activity in leaves of Zn deficient
plants in the Control treatment at 39 DAS was
unexpected and is in stark contrast to the low SOD
activity under heat stress. This apparent anomalous
result may have been caused by the combined, but
opposite, effects of the two stresses—heat stress and
Zn deficiency—on SOD activity. While low CuZn
SOD activity has been often reported under Zn
deficiency (Cakmak and Marschner 1988; Cakmak
2000; Wang and Jin 2005; Chen et al. 2007), so have
increases in CuZnSOD activity (Yu et al. 1999; Frei et
al. 2010). The relative high value at Zn, may provide
another example of such an increase. There was also a
trend for CuZnSOD activity in the Control plants to
increase between 31 DAS and 39 DAS. This increase
was not observed under heat stress. The photo-
oxidative damage which results from heat stress
causes an accumulation of H,O,, which can inactivate
CuZnSOD (Cakmak 2000). The difference in the
changes in activity in CuZnSOD between the Heat
stress and Control may reflect differences in the

severity of oxidative stress, the accumulation of H,O,
and the deactivation of CuZnSOD. Therefore the high
values at Zn, in the Control plants may reflect, firstly,
an enhanced activity at low Zn and secondly an
inactivation of CuZnSOD under heat stress.

Despite the significant changes in SOD activity
there was not a consistent association with changes in
chloroplast structure and chlorophyll fluorescence.
Zinc deficiency damaged the structure of the chloro-
plast and greater damage was measured in Goldmark
and after a period of heat stress. At 28 DAS the SOD
activity of Goldmark was significantly less than that
of Frame (12.8 vs. 21.1 units g ' FW, P<0.01)
suggesting that it was potentially less able to detoxify
ROS. Similarly, the initial decline in SOD activity
under Zn deficiency may have also contributed to the
observed damage to the chloroplasts. However, other
measurements do not support a prolonged effect of
SOD activity on chloroplast structure: the difference
between Frame and Goldmark diminished over time
and was not significantly at 31 DAS and 39 DAS, and
there was an increase in SOD activity in the Control
treatments after the end of the heat stress treatment,
despite significant deterioration in chloroplast struc-
ture. These results suggest either (i) the structural
damage measured at 39 DAS was affected by the Zn
and heat treatments early (28-31 DAS) and this early
protective role of Zn is critical to maintaining
chloroplast structure over a longer period of time, or
(i1) SOD activity alone does not play a critical role in
maintaining chloroplast structure. Without earlier
observations of chloroplasts structure (at 28 and 31
DAS) concurrent with measurements of SOD, this
question can’t be resolved easily. However, based on
observations in Zn efficient and inefficient genotypes
of rice, Frei et al (2010) argued that enzymic
detoxification of ROS is more a general stress
response rather than a mechanism explaining differ-
ences in tolerance.

Similarly, chlorophyll fluorescence, which reflects
chloroplast function and the integrity of the thylakoid
membranes, was not consistently related to the Zn
treatments. The fluorescence data for Zn,, in Exper-
iment 2 were likely to have been affected by the low
Mg and S concentrations and should be discounted in
the discussion of the effect of Zn. In both experiments
the parameters of chlorophyll fluorescence (Fy, F,
and F./F,) in plants grown at Zn,, were more
sensitive to heat stress than those grown at Zn,.
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Under heat stress, plants grown at Zn, had a higher
F,/F,, and a lower F,, which indicates reduced lipid
fluidity of the thylakoid membrane (Armond et al
1980; Sundby et al. 1986), and a slightly higher F,,,
which suggests less damage to the chlorophyll-protein
complexes (Yamane et al. 1997). Both these results
are consistent with the greater damage to chlorophyll
structure at low Zn and thus supporting a protective
role of adequate supplies of Zn. However, plants
severely Zn deficient (Zng) in Experiment 2 did not
show the greatest sensitivity to heat stress with their
fluorescence values being less affected than
marginally-deficient plants (Zng,). Surprisingly,
plants grown at Zn, also had a high chlorophyll
content (Table 3), which would enhance fluorescence
characteristics, but the reason for this improvement in
chlorophyll retention is not immediately apparent.
Therefore, in both experiments plants marginally
deficient in Zn (i.e. Zny,) showed greater sensitivity
to heat than plants grown with adequate supplies of
Zn (Zn2), which is consistent with previous reports of
Zn deficiency on chlorophyll fluorescence(Wang et al.
2009) and also with the changes in chloroplast
structure. The apparently anomalous result with Zn,
in the second experiment needs verification.

Varieties were selected that varied in their Zn
efficiency to examine whether genetic differences in
efficiency may affect tolerance to heat stress. The
results were equivocal partly because there were only
small differences in growth responses to Zn among
the four varieties in both experiments. Goldmark, a
Zn-inefficient genotype showed a greater loss in
yield and kernel weight from heat stress in Exper-
iment 1 and a greater loss in leaf chlorophyll content
in both experiments than the more efficient geno-
types Frame and Halberd (Tables 1, 2). However, the
losses were similar to Meering which is also Zn
efficient but is thermosensitive. Compared to the Zn
efficient variety Frame, Goldmark had a similar
CuZnSOD activity in Experiment 2 although there
was a greater degree of chloroplast damage. There-
fore, the initial difference in CuZnSOD between the
two genotypes did not appear to afford different
levels of protection to the chloroplasts from the
effects of heat stress. Based on the results of the
current experiments it would seem that Zn efficiency
has little effect on thermotolerance.

In conclusion, the experiments provide evidence
that plants poorly supplied with Zn may show

@ Springer

greater sensitivity to heat stress than plants ade-
quately supplied with Zn. The effect was observed
in both PSII activity and in kernel growth but the
responses in chlorophyll fluorescence were transi-
tory. The responses in biomass production and yield
to heat stress and to Zn deficiency were largely
additive effects, but they nevertheless demonstrated
that low supplies of Zn can exacerbate the adverse
effects of heat stress. Significant effects occurred in
plants not displaying visual symptoms of Zn
deficiency and so crops suffering from ‘hidden
hunger’ may be at risk from additional losses of
productivity from heat stress. The ability of plants
supplied with an adequate supply of Zn to maintain
grain growth during heat stress appeared to be
associated with factors within the grain rather than
retention of chlorophyll and maintenance of the
integrity of PSII Chloroplast ultrastructure was
sensitive to both heat stress and Zn deficiency but
chlorophyll fluorescence showed a high level of
resilience to both stresses. The effect was not
related to the Zn efficiency of the genotype.
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