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Summary &mdash; From the onset of meiosis, wheat plants, cv Moulin and Pernel, were subjected to climatic stress for
7 days in a growth chamber. The stress conditions (11 &mu;mol.m-2.s-1 photosynthetic photon flux density, 1.5/8 °C
night/day, 12.5 h photoperiod) were chosen so that the stress affected the grain set in a similar way to low radiation,
possibly associated with chilling in the field. Control plants received 203 &mu;mol.m-2.s-1 photosynthetic photon flux
density, 15/18 °C temperatures and 16 h photoperiod. In stressed plants, the grain set was reduced due to poor
fertilization, as shown by the absence of development of endosperms from the embryo sacs. Male development was
affected: anthers were frequently small, curved or shrivelled, and did not dehisce. Pollen release was limited and the
pollen load on the stigma was low. Pollen viability (fluorochromatic reaction) was altered, but pollen grains were
normally trinuclear at anthesis. Female fertility was unaffected. Both varieties showed the same alterations.

sterility / meiosis / low radiation / chilling temperature / Triticum aestivum L = wheat

Résumé &mdash; Anomalies dans le programme mâle du blé d’hiver induites par un stress climatique à la méiose.
Du blé (variétés Moulin et Pernel) a été soumis à un stress climatique durant 7 jours à partir du début de la méiose, en
chambre de culture. Les conditions de stress (densité de flux de photons de 11 &mu;mol.m-2.s-1, 1,5/8 °C nuit/jour,
photopériode de 12 h 30) ont été choisies de façon à ce que ce stress ait les mêmes effets sur la nouaison qu’un
éclairement faible, éventuellement accompagné d’une température basse, au champ. Les plantes témoins étaient
soumises à une densité de flux de photons de 203 &mu;mol.m-2.s-1, des températures de 15/18 °C et une photopériode
de 16 heures. Chez les plantes stressées, la nouaison a été réduite suite à un déficit de fécondation, mis en évidence
par l’absence de développement d’albumen dans les sacs embryonnaires. Le développement mâle a été affecté : de
nombreuses anthères étaient petites, incurvées ou recroquevillées et non déhiscentes. La libération du pollen a été
réduite et la quantité de pollen disséminée sur les stigmates était faible. La viabilité du pollen (réaction
fluorochromatique) a été altérée, en revanche les grains de pollen étaient normalement trinucléés lors de l’anthèse. La
fertilité femelle n’a pas été affectée. Les deux variétés ont présenté les mêmes altérations.

stérilité / méiose / éclairement faible / température basse / Triticum aestivum L = blé
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INTRODUCTION

In wheat, as in many other species, meiosis is a
stage that is particularly sensitive to climatic
stresses, such as heat stress (Saini and Aspinall,
1982), water deficit (Saini and Aspinall, 1981), low
radiation (Demotes-Mainard et al, 1995) and sub-
zero temperatures (Kim et al, 1985). These
stresses can result in large losses in kernel num-
ber per spike. Kernel number is highly correlated
with yield in wheat, and so the study of these
phenomena is of economic interest. High temper-
atures and water deficit at meiosis reduce the

grain set by inducing male sterility and also, in the
case of heat stress, female sterility. The compo-
nents of the male and female developmental pro-
grammes altered by these stresses, as well as the
nature of the injury have been described (Saini
and Aspinall, 1981; Saini et al, 1983, 1984).
When kernel number is reduced due to low radia-

tion at meiosis, pollen viability is altered indepen-
dently of the presence of chilling (Demotes-
Mainard et al, 1995). However, the responses of
the other components of male fertility have not
been characterized, and the response of female

fertility remains unknown. We therefore investigat-
ed the plant components altered and the nature of
the infertility, following a stress at meiosis causing
a drop in kernel number. The stress chosen aims
at inducing similar effects to those observed in the
field when radiation is low at meiosis.

MATERIALS AND METHODS

Plant materials and culture

Two varieties of winter wheat (Triticum aestivum L),
Moulin and Pernel, were chosen for their sensitivity to
low radiation at meiosis (Demotes-Mainard et al,
1995). Plants were grown in individual pots filled with
soil. After vernalization, plants of the variety Moulin
were transferred to growth chamber No 1 (203
&mu;mol.m-2.s-1 photosynthetic photon flux density
(PPFD), 15/18 °C night/day temperatures and 16 h 
photoperiod), and the variety Pernel remained out-
doors until meiosis. Meiosis, which is synchronous in
the microsporocytes and in the megasporocyte within
a floret (Bennett et al, 1973), was assessed non-
destructively in the spike of each main shoot, using the
method described by Demotes-Mainard et al (1995).

Experimental treatments

At the onset of meiosis, plants were placed in two dif-
ferent growth chambers and subjected to the two fol-

lowing experimental treatments for 7 days: control:
203 ± 26 &mu;mol.m-2.s-1 PPFD, 15/18 °C night/day tem-
peratures, 16 h photoperiod (growth chamber No 1);
stress: 11 ± 1 &mu;mol.m-2.s-1 PPFD, 1.5/8 °C night/day
temperatures, 12.5 h photoperiod (growth chamber
No 2).

Radiation was provided by high pressure sodium
lamps (growth chamber No 1) or by fluorescent lamps
(growth chamber No 2). Plant assignment to either of
the treatments and position in the growth chambers
were fully randomized. After 7 days, all stressed plants
were placed in growth chamber No 1 beside the con-

trol plants, until kernel number was established (post
anthesis).

The levels of radiation and temperature were cho-
sen so that the stress was severe, in order to be able

to identify components of fertility that were unaffected.
The difference in photoperiod and type of lamps
between the control and stress treatments was due to

material constraints. However, previous experiments
(Demotes-Mainard et al, 1996) showed that these
stress conditions have similar effects as a climatic

accident involving low radiation and possibly chilling on
grain set of a field grown crop (same pattern of grain
set and same drop in grain number).

Observations

Cv Moulin

The frequency of fertilization was estimated as the per-
centage of embryo sacs that had developed and
endosperm 4.5 days after pollination. About 100
ovaries per treatment were examined as described by
Sitch and Snape (1987). These ovaries had been pre-
viously hand-pollinated with the anthers of their own
floret.

The level of female fertility was assessed by artifi-
cial pollination. Thirty ears of control plants and 30
ears of stressed plants were emasculated 1 day before
flowering. They were pollinated with the pollen of three
control ears that were enclosed in a cellophane bag
with each emasculated ear. Grain set was recorded as

the percentage of florets that had developed a grain.
Male fertility was determined by observing anther

morphology, dehiscence, pollen dissemination, pollen
viability and number of nuclei per pollen grain at anthe-
sis. Anther morphology was considered normal if an

anther was green or yellow-green, had swollen anther
bags and normal size and shape 1 or 2 days before
anthesis. The anthers of 750 florets per treatment were

examined. To record anther dehiscence and pollen
dissemination, stamens and pistils were sampled on
the day when anthers of each floret became dehiscent.
Therefore, the ears were observed on a daily basis to
determine the progression of anthesis between florets.
The floral organs were fixed and then stained in aceto-
carmine. The number of dehiscent loculi per anther

was recorded. The pollen grains remaining in an

anther after dehiscence tend to be packed at the base



of the anther loculi. Pollen dissemination was therefore
estimated as the percentage of the volume of the
anther bags that was empty of pollen grains. Pollen
load on the stigmas was estimated by counting the
number of pollen grains per pistil. Floral organs of 130
florets per treatment were examined. Pollen viability
was tested using the fluorochromatic reaction (FCR)
test (Heslop-Harrison and Heslop-Harrison, 1970).
Fifty anthers per treatment were sampled just before
dehiscence and the percentage of pollen viability was
measured using a sample of 400 pollen grains per
anther. The number of nuclei per pollen grain was
counted at anthesis on 25 anthers per treatment and
400 pollen grains per anther, employing DAPI (4’,6-
diamidino-2-phenylindole) fluorochrome (Vergne et al,
1987). The plants used for the observations with DAPI
were grown under the same conditions as the other

plants but in an independent experiment.
All the observations were performed on the main

shoot and on the first tiller of each plant. Within a
spikelet, only the first and second florets that were
judged to be fully developed, and therefore potentially
fertile, were considered. Artificial pollinations and
observations of anther morphology involved spikelets
of the whole ear, whereas only the spikelets of the
middle region of the ear were used for the other obser-
vations. The experimental design included total ran-
domization; in the analyses of variance, the rank of the
tiller and the experimental treatment were considered
as fixed factors.

Cv Pernel

Grain set was determined as the percentage of the first
and second florets of each spikelet that had developed
a kernel at maturity. To prevent cross-pollination, the
ears were bagged before flowering. Grain set was
measured on about 30 ears per treatment.

The artificial pollination technique to study female
fertility and methods used to record data on anther
morphology, dehiscence and pollen dispersal were the
same as those used for cv Moulin. Pollen viability and
number of nuclei per pollen grain were not examined.
For each treatment, 25 ears were used for artificial pol-
lination, stamens of 700 florets were used to determine
anther morphology and those of 90 florets for anther
dehiscence and pollen dissemination.

Only the first and second florets of a spikelet were
sampled on the ears of the main shoot and of the first
tiller. The spikelets of the whole ear were used for
observations, except those of anther morphology for
which only the six spikelets located at the top and the
six spikelets located at the base of the ear were used.
The experimental design was the same as for cv
Moulin.

RESULTS

The percentage of embryo sacs of Moulin that
had developed an endosperm 4.5 days after pol-
lination was significantly lower (P < 0.01 level,
Chi-square test) for the stressed plants (24.0%)
than the control plants (81.9%). The treatment
had no effect on the aspect of endosperm cells.
The percentage of grain set obtained by self-

pollination in Pernel was significantly different
(P < 0.01, analysis of variance, table I) in control

plants (93.5%) and in stressed plants (68.2%).
Grain set obtained by artificial pollination

between control pollen and either control emas-
culated ears or stressed emasculated ears was

not significantly different within each variety at
P < 0.05 (analysis of variance, table II). In





Moulin, grain set was 91.4% in the cross

between control emasculated ears and control

pollen versus 91.9% in the cross between
stressed emasculated ears and control pollen. In

Pernel, 90.9% of the florets developed a grain in
the cross with control females and 91.5% with

stressed females.

For the two varieties tested, and in all posi-
tions of the spikelets in the ear (fig 1), nearly all
the anthers of plants subjected to the control
treatment had a normal morphology. Plants sub-
jected to the stress at meiosis contained abnor-
mal anthers: they were small, curved, shrivelled
or X-shaped, frequently white or sometimes pre-
cociously yellow. In Moulin, the number of florets
containing three normal anthers was lower in
stressed plants than in control plants for all posi-
tions of the spikelets in the ear (difference
between treatments: 25.9-40.2% according to
the part of the ear). In Pernel, the stress
decreased (-55.7%) the frequency of florets con-
taining three normal anthers in the upper

spikelets, the reduction being associated with an
increase (+34.7%) in the percentage of florets
with three damaged anthers. No significant differ-
ence between control and stressed plants was
observed at the basal part of the ear.

Anther dehiscence, studied only on anthers
presenting a normal morphology, was affected by
climatic stress at meiosis (fig 2). In Moulin, the

frequency of anthers with four dehiscent loculi
was lower (-20.2%) in stressed than in control

plants, due to an increase in the proportion of
indehiscent anthers. In Pernel, the stress
increased the frequency of anthers with no or two
dehiscent loculi at anthesis in the upper part of
the ear (+18.2%) and in the middle part of the ear
(+17.2%). The treatments had no effect on the
basal spikelets of Pernel.

Only anthers presenting a normal morphology
were used to study pollen dissemination. To
measure the pollen release per floret, a mean
value of pollen absent from the three stamens of
each floret was obtained. In Moulin, the percent-
age of pollen released per floret in median
spikelets was lower in stressed than control
plants (fig 3). In Pernel, the proportion of pollen
released per floret from the upper spikelets was
reduced by the stress but median and basal
spikelets were unaffected. However, in both vari-
eties tested, the stress-associated reductions
were not significant when only florets with three
dehiscent anthers were considered.

In Moulin, stress at meiosis increased the fre-

quency of florets with a very low pollen load on
the stigma (fig 4).

Moulin pollen viability was assessed at anthe-
sis by the fluorochromatic reaction. Pollen of
damaged anthers was not viable (non-fluore-
cent). In normal anthers, three types of pollen
grains were found; 1) fluorescent pollen grains
without a vacuole (FCR+); 2) fluorescent pollen



grains with one big or sometimes several small
vacuoles (FCRvac): except for the vacuole these
pollen grains were similar to FCR+ pollen grains
(same intensity of fluorescence, same shape);
and 3) non-fluorescent pollen grains (FCR-).
Stress at meiosis significantly reduced the pro-
portion of FCR+ pollen grains, which are the nor-
mal type observed at anthesis (table III). This
reduction was associated with a small increase in

the amount of FCR- pollen and a large increase
in the amount of FCRvac pollen (fig 5).
The frequency of trinuclear pollen grains per

Moulin anther at anthesis was unaffected by the
stress at meiosis (95.4 and 94.1 % for the control
and the stress treatments respectively) (table IV).
Pollen prepared as for the FCR test was gently
squashed, for about ten anthers per treatment. In
both treatments, fluorescent sperm cells were

released, suggesting that the pollen grains were
not only trinuclear but also three-celled (data not
shown). In a large majority of pollen grains, con-
trary to the vegetative nucleus which displayed a
rounded shape, the sperm nuclei displayed an
elongated shape and their chromatin was con-
densed; no difference was observed between the
two treatments (fig 6). The frequency of pollen
grains presenting sperm nuclei with a rounded
shape was estimated as approximately 1 % of the
trinuclear pollen grains. It seemed that this per-

centage did not increase in stressed plants; how-
ever, this comparison relies on an estimation and
no statistical analysis was performed.

DISCUSSION

As for grain sorghum (for review see Salgarolo,
1986), applying a climatic stress to wheat at
meiosis decreased grain set by inducing male
sterility. Anther morphology was affected and flo-
rets could not set grains because damaged
anthers contained non-viable pollen grains.
These alterations can be particularly important
when anther abnormalities involve all three sta-

mens within a floret, as observed in Pernel.

Stress applied at meiosis reduced pollen dis-
persal from apparently normal anthers. This
resulted from anther indehiscence but not from

poor pollen release from dehiscent anthers. The



numbers of pollen grains per stigma recorded in
the control plants are consistent with those
observed by Gorin (1950) and Perunova (1954)
(both references cited by Rajki and Rajki, 1966).
Therefore, these results confirm the fact that our
culture conditions did not limit the release of

pollen within the floret. The reduction of the
pollen load induced by the stress treatment may
limit grain set, since the percentage of florets set-
ting a grain depends on the number of pollen
grains present on the stigma (Rajki, 1962).

Climatic stress at meiosis affected pollen via-
bility as evidenced by the increase in the propor-
tion of pollen grains reacting negatively to an
FCR test (non-fluorescent pollen grains) at
anthesis. However, the most frequent alteration
consisted of fluorescent pollen grains displaying
vacuoles at anthesis. No other test of pollen via-
bility was carried out to check the cellular viability
of this vacuolated pollen. A similar response to
the FCR test has previously been reported for
both cv Moulin and Pernel subjected to low radia-
tion alone (Demotes-Mainard et al, 1995). Both
mitoses of the pollen grains were normal, at least
as evidenced by the number of nuclei per pollen
grain at anthesis.

Climatic stress at meiosis strongly reduced the
percentage of embryo sacs developing an
endosperm 4.5 days after pollination. Armstrong
et al (1987) observed that at this stage, the
endosperm of a caryopsis that is about to abort
presents different abnormalities or degenerating
cells. In our experiment, all the endosperms that
were present were normal. Thus, low grain set
induced by the stress resulted from an absence
of kernel development and not from early caryop-
sis abortion.

The alterations we observed in the male pro-

gramme due to the climatic stress at meiosis







were similar to those observed in various other

species in response to different climatic stresses
at meiosis. Anther morphology, pollen dispersal
and viability in rice (Satake, 1991; Satake and
Shibata, 1992), sorghum (Downes and Marshall,
1971; Brooking, 1976, 1979) and mango
(Issarakraisila and Considine, 1994) are affected
by chilling. Darkness causes pollen sterility in
sorghum (Alami et al, 1988). As in our experi-
ment, pollen development stops in the vacuo-
lated pollen stage in sorghum stressed at meiosis
by chilling (Brooking, 1976) or darkness (Alami et
al, 1988). However, other types of pollen grain
alterations have also been recorded, including
pollen devoid of normal cytoplasmic constituents
(water stressed wheat, Saini and Aspinall, 1981).
Other stresses can induce nuclear abnormalities

in the pollen grain, contrary to the stress studied
in our experiment, such as supernumerary nuclei
(sorghum subjected to chilling and darkness at
meiosis, Alami et al, 1988) or an arrest of nuclear
development at different meiotic stages (wheat
grown at chilling temperature during the entire
cycle; Qian et al, 1986).

Grain set in the control artificial-crosses (con-
trol female x control pollen) was high, of a similar
level to grain set following self-pollination
(Pernel) or to the rate of embryo sacs that had
developed an endosperm (Moulin). This shows
that the technique of artificial pollination did not
affect grain set. Thus, the absence of difference
in grain set between plants that were artificially
pollinated with a control or a stressed female
shows that female fertility was not affected by cli-
matic stress at meiosis. There are several other

reports of female fertility being unaffected by a
climatic stress at meiosis that induced male

sterility. Examples include sorghum (Downes and
Marshall, 1971; Brooking, 1976) and rice

(Hayase et al, 1969) responses to chilling and
wheat (Saini and Aspinall, 1981) response to
water deficit.

The two varieties tested were chosen on the
basis of both field observations and control

experiments indicating that they are sensitive to
low radiation, with or without chilling, at meiosis,
and that cv Moulin was more sensitive than cv

Pernel (Gate, 1995; Demotes-Mainard et al,
1995). We showed that the stress at meiosis
resulted in very similar developmental abnormali-
ties in both varieties, the plant components that
were affected and the nature of the injury being
the same. Thus, the differences observed in vari-
ous situations between the two varieties in their

response to a climatic accident at meiosis involv-

ing low radiation were due to a difference of sen-

sitivity. The influence of the genotype should be
further studied since field observations suggest
that some cultivars may not be sensitive to low

radiation at meiosis.
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