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Abstract

Common buckwheat (Fagopyrum esculentum Moench)
plants produce many flowers, but fewer seeds. Seed set
is highly variable among years, between plants, and
during the period of flowering within a plant or raceme.
Seasonal variations suggest that temperature and water-
deficit stresses are important factors for seed set. The
effects of mild temperature and water-deficit stresses on
seed set and seed filling were determined in planta and
in vitro. An in vitro method to culture matched sets of
racemes from individual plants was used for precise
comparisons between experimental treatments.
Buckwheat racemes form new flowers continuously
during several weeks in planta. Seed set resulting in
yield occurs during the first 2–3 weeks of flowering and
then rapidly declines in planta independently of mild
stresses. Plants grown at 18°C have 40% increased
seed set, set seeds over a longer duration, and produce
40% more dry matter per seed than plants grown at
25°C. Similar patterns occurred in vitro. A 3-day water-
deficit stress during the first week of flowering reduced
the number of seeds by 50% without a reduction in seed
size and dry weight, or the number of flowers formed in
planta or in vitro. The effect of water-deficit stress
continued after rewatering and subsequently was
expressed as a reduction in fertility in newly formed
flowers, both in planta and in vitro. Mild temperature and
water-deficit stresses affected both female and male
components of seed set in common buckwheat, resulting
in a persistent but non-additive reduction in sink strength.
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Introduction

In the United States, commercial buckwheat
(Fagopyrum esculentum Moench) production is
essentially of one type, large-seeded (typically 32 mg
per seed) common buckwheat, and cultivar, ‘Mancan’
or a related selection (‘Manor’). Other types and
cultivars are not widely produced nor commercially
important. In New York State, buckwheat is seeded
early in July, first flowers appear in about 4 weeks
with approximately 14-h photoperiods (sunrise to
sunset) during seed set, and plants are harvested soon
after the fall equinox. In contrast to photoperiod-
sensitive Japanese cultivars that exhibited delayed
flowering at 14-h and 18-h photoperiods compared to
10-h photoperiods (Lachmann and Adachi, 1990),
‘Mancan’ was relatively insensitive to photoperiod;
first flowers appeared about 4 weeks after seeding in
the greenhouse (24°C day, 18°C night) at various
times of the year, even when the natural photoperiods
exceeded 14 h (Taylor and Obendorf, 2001). In New
York State, average (over 30 years; Northeast Regional
Climate Center) day temperatures were 25°C and
26°C and average night temperatures were 13°C and
15°C for Ithaca and Geneva, respectively, during the
first 3 weeks of seed set in the field. Buckwheat plants
produced many flowers but fewer seeds, and the
period of flower formation continued after seed set
(Obendorf et al., 1993b; Björkman et al., 1995a; Taylor
and Obendorf, 2001). Seed set was highly variable
among individual plants, from 2.8 to 52% of the
flowers pollinated (Obendorf et al., 1993b), and
variable among years with seed set stopping more or
less abruptly (Björkman et al., 1995a). The causes of
low seed set are unknown but have been attributed to
high temperature, plant water stress, incompatibility
caused by heterostylism, defective reproductive
organs, failure of fertilization and embryo and/or
endosperm abortion (Pomeranz, 1983; Adachi, 1990;
Taylor and Obendorf, 2001). Seed set early in the
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flowering period was 65% in a wet, cool season (1992)
but only 25% in a dry, warm season (1993) (Björkman
et al., 1995a), suggesting that both temperature and
water stress were important factors regulating seed
set. 

Buckwheat flowers are incomplete (lacking a
corolla), perfect and heterostylous (Marshall and
Pomeranz, 1982). Half of the plants have pin-type
flowers with long styles and short filaments, and half
of the plants have thrum-type flowers with short
styles and long filaments. Flowers within each type
are self- and cross-incompatible. Only legitimate
cross-pollination, pin by thrum or thrum by pin,
results in fertilization (Morris, 1952) in most cultivars
of common buckwheat. In the field, buckwheat is
pollinated by insect vectors, primarily (95%) honey
bees (Björkman, 1995c). Greenhouse and growth
chamber studies, in the absence of insect vectors,
required hand pollination (Taylor and Obendorf,
2001). Flowers formed continuously for 7 weeks (4–11
weeks after seeding) on individual racemes in planta
in the greenhouse (Taylor and Obendorf, 2001) and 14
days on raceme explants (Slawinska and Obendorf,
1993). Each flower was open for 1 day when
pollinated (Taylor and Obendorf, 2001). About 20% of
the flowers formed defective megagametophytes and
were female sterile (Taylor and Obendorf, 2001); 80%
of the flowers formed normal egg-sac components.
Fertility was highest among the earliest appearing
flowers (1–3 weeks in planta) on a raceme, whereas
fertility declined rapidly in flowers that appeared
later (>5 weeks in planta) in the greenhouse (Taylor
and Obendorf, 2001). Lack of fertilization appeared to
be the cause of the decline in fertility for late-
appearing flowers, and the few that did set usually
aborted (Taylor and Obendorf, 2001). The pattern was
similar in the field (Björkman et al., 1995a). A flower
can produce a single achene (one-seeded fruit) at
maturity (Obendorf et al., 1993a).

In vitro culture of buckwheat racemes provides a
method to reduce the very large number of
observations required for in planta studies on seed set
in buckwheat. Raceme explants (Slawinska and
Obendorf, 1993) isolated from any one plant have
identical genotype and, therefore, can be used to
characterize precisely the influence of a single factor,
such as temperature, on seed set. By sampling several
plants ranging in response, a precise evaluation of
treatments is possible with fewer observations.

The objectives of this study were to determine the
effect of temperature and water-deficit stress on
patterns of seed set and seed filling of common
buckwheat, following legitimate hand pollination in
planta and during in vitro culture of detached racemes.

Materials and methods

Culture of plants and raceme explants

Buckwheat (Fagopyrum esculentum Moench, ‘Mancan’
cultivar) plants were grown in a greenhouse at 24°C
day (14 h) and 18°C night (10 h). Natural sunlight was
supplemented for 14 h daily with approximately
740 µmol m–2 s–1 light from 1000 W Sylvania metal
halide lamps. Single plants were grown in a
greenhouse soil mix in 4-litre pots as described
previously (Horbowicz and Obendorf, 1992). Pots
were well watered, two to three times daily. Under
these conditions, plants formed three to five primary
branches. Synchronously developed axillary racemes
from the upper four nodes of primary branches or
second to fifth nodes of the main stem were used for
in planta experiments or as explants. Terminal
racemes were excluded. Ten to 12 raceme explants
(Slawinska and Obendorf, 1993) were selected from
four plants (two with pin-type flowers and two with
thrum-type flowers) at 5–6 weeks after seeding.
Raceme explants were removed by cutting the stem
about 2 mm above the node of the raceme attachment
and near the base of the internode below the node of
attachment. The raceme explant was immediately
placed in water and transported to the laboratory. The
basal stem of the detached raceme explant was
surface-sterilized for 10 min by immersion in a dilute
solution of commercial bleach, 10% Clorox® (0.5%
sodium hypochlorite final concentration) in water
containing 0.02% Tween 80 as surfactant, and rinsed
three times in sterile distilled water. The basal stem of
the explant was recut and inserted into presterilized
liquid medium in culture tubes. The culture medium
contained half-strength MS salts (Murashige and
Skoog, 1962) and B5 vitamins (Gamborg et al., 1968),
sucrose at 2.5 g l–1, glutamine at 0.1 g l–1, kinetin
ribose at 1 mg l–1, and gibberellin at 1 mg l–1

(Slawinska and Obendorf, 1993). The medium was
adjusted to pH 5.3 and sterilized by filtration. The
detached raceme explants were incubated at 18 or
25°C under continuous cool-white fluorescent light at
a flux density of 200 µmol m–2 s–1. Groups of raceme
explants were enclosed in clear plastic bags (pin and
thrum separately) containing a reservoir of water to
humidify (>90% RH) the atmosphere. Each day
flowers were hand pollinated by legitimate cross-
pollination, and the number of flowers pollinated and
those forming seeds were recorded. After 7 days the
basal stems were resterilized and freshly cut, and the
raceme explants were transferred to fresh medium.
Seeds (achenes) were harvested after 14 days in
culture, seed set was calculated, and length, width,
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and weight of seeds were determined after drying 7
days at 25°C and 30% RH.

Temperature

In planta

Sixteen 4-week-old plants from the greenhouse were
transferred to growth chambers at either 18 or 25°C.
To prevent accidental legitimate cross-pollination,
plants with pin-type flowers and plants with thrum-
type flowers were grown in separate chambers. All
plants received 16 hours of fluorescent light daily at
about 300 µmol m�2 s�1. Four plants with pin-type
flowers and four with thrum-type flowers were hand
pollinated using legitimate cross-pollination, pin �
thrum and thrum � pin, between plants within the
same temperature regime. Newly opened flowers
were pollinated, and flowers and seeds were counted
three to four times each week on five tagged racemes
of each plant. In some experiments, flowers on five
racemes on each plant were pollinated with pollen
from plants at 18°C, and flowers on another five
racemes were pollinated with pollen from plants at
25°C.

In vitro inflorescence culture

Raceme explants were removed from 6-week-old
buckwheat plants growing in the greenhouse. Five
matched sets of raceme explants (10 racemes) were
removed from each of four plants with pin-type
flowers and four plants with thrum-type flowers. One
raceme explant from each of the matched sets was
cultured at constant 18°C and one at constant 25°C in
culture medium at pH 5.3 (Slawinska and Obendorf,
1993). Newly opened flowers were hand pollinated
daily by legitimate cross-pollination using pollen
from flowers on racemes cultured at the same
temperature as the receiving flowers.

In a series of experiments to test the effects of
temperature on male versus female components, 10
matched sets (i.e. a set of four racemes from one plant
distributed one to each of four treatments) of racemes
(40 racemes) from plants with pin-type flowers and 10
matched sets of racemes from plants with thrum-type
flowers were equally distributed across four
treatments in vitro: (1) flowers on racemes at 18°C
pollinated with pollen from racemes at 18°C; (2)
flowers on racemes at 18°C pollinated with pollen
from racemes at 25°C; (3) flowers on racemes at 25°C
pollinated with pollen from racemes at 18°C; and (4)
flowers on racemes at 25°C pollinated with pollen
from racemes at 25°C. The number of flowers
pollinated and the number of seeds set were recorded.

Water-deficit stress

In planta experiment A (October to November 1991)

Four plants, two with pin-type flowers and two with
thrum-type flowers, were not watered for 3 days at 5
weeks after seeding (first week of flowering) and
compared with four control plants in the greenhouse.
After the 3-day water-deficit stress, resulting in severely
wilted leaves (all blades vertical) and maximum
recoverable stress (plants did not survive if stressed >3
days), all plants were thoroughly watered two or three
times daily until termination of the experiment. Seed set
was recorded on five racemes on each of the eight
plants after legitimate cross-pollination of all newly
opened flowers 3–4 times each week from 2 days after
re-watering through 6 weeks after stress.

In planta experiment B (December 1991 to February
1992)

Another four plants (as in experiment A) were water-
deficit stressed for 3 days during the first week of
flowering and compared to four control plants. After
the 3-day water-deficit stress (less severe than in
experiment A as the youngest leaf blades were not
vertical), all plants were watered thoroughly. Seed set
was recorded on five racemes on each of the eight
plants after legitimate cross-pollination of all newly
opened flowers 3–4 times each week from 2 days after
re-watering through 6 weeks after stress.

In vitro raceme explant culture

The same plants used for testing seed set in planta
(experiment A) in the greenhouse were also used for
in vitro experiments. Seed set on racemes of remaining
branches in planta was unchanged by removal of
branches for raceme explants. Five raceme explants
were removed from each of the four control plants
and from each of the four plants receiving the water-
deficit treatment in the greenhouse. The 40 raceme
explants were cultured at 18°C following the
procedures, as described above.

Water-deficit stress effect on pollen source

Experiments were conducted to test the effect of
water stress on pollen components versus female (egg
sac) components in the regulation of seed set in
buckwheat. Four plants, two with pin-type flowers
and two with thrum-type flowers, were not watered
for 3 days at 5 weeks after seeding in the greenhouse
(during the first week of flowering) and compared
with four control plants. After the 3-day water-deficit
stress (as in experiment A above), all plants were
watered thoroughly.
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After the 3-day stress period, 12 raceme explants
were removed from each of the four control plants,
and 12 also from each of the four plants receiving the
water-deficit treatment in the greenhouse. The raceme
explants for all treatments were cultured at 18°C as
described above. To test the effect of water stress on
pollen, four pollination regimes were established: (1)
flowers on racemes from control (Wet) plants were
cross-pollinated with pollen of racemes from control
plants (Wet � Wet); (2) flowers on racemes from
control (Wet) plants were cross-pollinated with pollen
of racemes from water-stressed plants (Wet � Dry);
(3) flowers on racemes from water-stressed (Dry)
plants were cross-pollinated with pollen of racemes
from water-stressed plants (Dry � Dry); and (4)
flowers on racemes from water-stressed (Dry) plants
were cross-pollinated with pollen of racemes from
control plants (Dry � Wet).

Results

Temperature

In planta

New flowers formed through 7 weeks after the first
flower appeared on plants at 25°C (Fig. 1A) and then
ceased (data not shown). Plants at 18°C continued to
form new flowers (Fig. 1A) after the seventh week of
flowering, when plants were 11 weeks old (data not
shown). The rate of flower production slowed at 25°C
from 3 weeks after the first flower (Fig. 1A).
Formation of new seeds ceased after 4 weeks of
flowering at 25°C, whereas at 18°C, new seeds
formed through the sixth week after first flower,
when plants were 10 weeks old (Fig. 1B). At 18°C, 7.7
seeds formed per raceme, similar to that in vitro (Fig.
1D), but at 25°C only 3.6 seeds formed per raceme
(Fig. 1B). In two experiments, seeds matured at 18°C
averaged 47–49 mg dry weight per seed, compared
to 31–33 mg per seed at 25°C (Table 1) and to 32 mg
seed for the certified seed stocks used for this study.
Racemes on plants at 25°C produced 38–73% fewer
seeds, and seeds accumulated 29–35% less dry matter
than seeds on plants at 18°C with pollen from plants
at 18°C. In a third experiment (data not shown), dry
weight was 47 ± 3 mg per seed and 5.4 ± 0.2 mg per
embryo at 18°C but 32 ± 3 mg per seed and 5.7 ±
0.5 mg per embryo at 25°C. The increase in seed dry
weight at 18°C was in the endosperm because
embryo weights were not different. The lower
frequency of seed set in experiment 1 (Table 1)
reflects a lower seed set during weeks 4–7 of
flowering than during weeks 1–3. In another
experiment (data not shown), seeds matured on
plants at 20°C averaged 44 ± 4 mg dry weight per
seed (n = 119).

Raceme explants

Because raceme explants enclosed in clear plastic bags
containing a reservoir of water to humidify the
atmosphere (>90% RH) resulted in 1.6 times as many
seeds per raceme, all raceme explants for in vitro
experiments reported herein were enclosed in plastic
bags, and were removed from bags daily for
pollination. Newly opened flowers increased in
number until 10 days in culture at both 18 and 25°C,
with about two-thirds as many flowers accumulating
at 25°C (26 flowers) as at 18°C (33 flowers) (Fig. 1C).
Formation of new seeds at 25°C ceased abruptly after
about 7 days in culture, whereas at 18°C new seeds
formed through 11 days (Fig. 1D). The number of
seeds per raceme was 7.4 at 18°C and 2.5 at 25°C.
Average seed length and width were similar at both
temperatures when harvested after 14 days in culture
(data not shown).

Effect of temperature on pollen source

To determine whether the 25°C temperature affected
the female parts of the flower or the pollen, flowers
on plants growing at 18 and 25°C were pollinated
with pollen from plants at 18 and 25°C in two
experiments. Experiment 1 was conducted during
winter conditions of very low humidity (10–50% RH),
and Experiment 2 was performed during summer
months of higher humidity (>50% RH). Hand
pollinations resulted in 30–40 pollen grains per flower
(Taylor and Obendorf, 2001), an amount typical in
field pollinations by insects (Björkman, 1995b), and
assured that pollen delivery was not limiting, since
seed set was maximal with 10–30 pollen grains per
flower (Namai, 1990; Namai and Takeyama, 1992;
Björkman, 1995a).

The number of flowers per raceme was the same
in all treatments (Fig. 2A,B). Within the first 3 weeks
of flowering, 73% of seeds were set at both 18°C and
25°C, confirming previous observations (Taylor and
Obendorf, 2001) that the first 3 weeks of flowering are
the most important for seed set (compare Fig. 2C ‘18
� 18’ and Fig. 2D ‘25 � 25’). Plants at 18°C set 36%
more seeds than plants at 25°C with pollen from
plants at 18°C (Fig. 2C, D). However, when flowers on
plants at 18°C were pollinated with pollen from
flowers on plants at 25°C, seed set was reduced 45%
compared to pollen from plants at 18°C (Fig. 2C),
indicating the involvement of a major pollen–
temperature factor. When flowers on plants at 25°C
were pollinated with pollen from plants at 18°C, seed
set was the same as with pollen from plants at 25°C
(Fig. 2D). If the reduced seed set between 18 and 25°C
plants was totally due to a pollen-source–temperature
factor, pollen from plants at 18°C should have
produced more seeds. Therefore, a temperature of
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Figure 1. Accumulated number of flowers pollinated (A) and seeds formed (B) per raceme in planta at 18 and 25°C as a function
of weeks of flowering (experiment 1). Accumulated number of flowers pollinated (C) and seeds set (D) in vitro on raceme
explants cultured at 18 and 25°C as a function of days in culture. Values are mean ± SE for 40 racemes (eight replicates).

Table 1. Frequency of seed fill in planta, seeds per raceme, dry weight per seed, and length and width of seeds from flowers on
plants grown at 18 or 25°C after legitimate cross-pollination with pollen from plants grown at 18 or 25°C. Seeds per raceme and
dry weight, length and width of individual mature seeds (achenes) are expressed as mean ± SE (40 racemes, eight replications
in experiment 1; eight replications for seeds per raceme and five or six replications for other columns in experiment 2)

Temperature (°C) Filled seeds

Frequency, N Seeds per Dry weight, 
Flower Pollen (%) raceme, N mg (%) Length, mm Width, mm

Experiment 1
18 18 176/204 (86) 5.0 ± 0.6 46.5 ± 0.8 (100) 7.2 ± 0.1 5.7 ± 0.1
18 25 122/160 (76) 3.7 ± 0.5 46.7 ± 1.0 (100) 7.0 ± 0.1 6.0 ± 0.1
25 18 98/136 (72) 3.1 ± 0.5 32.9 ± 0.7 (71) 6.7 ± 0.1 4.8 ± 0.1
25 25 112/163 (69) 3.4 ± 0.5 33.2 ± 0.5 (71) 6.7 ± 0.1 4.4 ± 0.1
Experiment 2
18 18 195/196 (99) 7.5 ± 1.6 48.7 ± 0.8 (100) 6.0 ± 0.1 5.3 ± 0.1
18 25 112/112 (100) 4.7 ± 0.4 46.7 ± 1.0 (96) 5.9 ± 0.1 5.1 ± 0.1
25 18 57/57 (100) 2.0 ± 0.4 31.3 ± 1.0 (64) 6.5 ± 0.1 4.5 ± 0.1
25 25 73/79 (92) 2.9 ± 0.5 32.6 ± 0.8 (67) 6.5 ± 0.1 4.4 ± 0.1

Experiment 1: low humidity (10–50% RH) winter; pollinated first–seventh week of flowering (4–11 weeks after seeding).
Experiment 2: high humidity (50–90% RH) summer; pollinated first–third week of flowering (4–7 weeks after seeding).

25°C, above the optimum temperature of 18°C, affects
both female and male parts of the flower, and results
in reduced seed set. This pattern was confirmed in a
second experiment conducted under summer
conditions of higher humidity. The number of filled

seeds per raceme was significantly higher (P < 0.05)
on plants at 18°C than at 25°C when pollinated with
pollen from plants at 18°C, but seed set was not
significantly different with pollen from plants at 25°C
(Table 1, experiment 2). Since the pattern was similar
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under higher humidity (50–90% RH) summer
conditions and during the very low humidity
(10–50% RH) conditions of winter, it is not likely that
the observed differences are caused solely by early
shed of pollen at 25°C before pollination.

Using raceme explants in vitro (>90% RH), both
flower formation and seed set stopped abruptly after
the first week of culture at 25°C (Fig. 3B, D). A reserve
of explants at 25°C provided pollen to continue
pollinations in the ‘18 � 25’ treatment (Fig. 3A, C). In
contrast to the in planta experiment (Fig. 2C), seed set
on raceme explants at 18°C was independent of
pollen-source–temperature, showing equal seed set
after crosses with pollen from racemes at 18 or 25°C
(Fig. 3C). The raceme explant experiment was
repeated several times (data not shown). Reduced
seed set using pollen from racemes at 25°C occurred
only when seed set was low in all treatments.

Water-deficit stress

Experiment A ( in planta)

The number of flowers per raceme was similar for
control and water-deficit-stressed plants (Fig. 4A).
Seed set was markedly reduced (60%) on plants

receiving the water-deficit-stress treatment, from 18
seeds per raceme on control plants to 7 seeds per
raceme on the water-stressed plants 4–6 weeks after
stress (Fig. 4B). Seed size and mass were similar for
stressed and control treatments. Average seed dry
weight for control plants was 35.8 ± 1.4 mg per seed,
compared to 31.0 ± 2.1 mg per seed for plants
receiving a water-deficit stress. Of the seeds initiated,
control plants aborted 3.9 ± 0.9 seeds per raceme,
compared to 5.0 ± 1.1 seeds aborted per raceme after
water-deficit stress. Leaves of the water-stressed
plants started the senescence process (yellowing) 8
days sooner than the leaves of the control plants.

Experiment B ( in planta)

The number of flowers per raceme was similar at 47.4
± 3.0 for the control and 40.0 ± 3.1 for the water-
stressed plants (data not shown). Seed set was
reduced after the water-deficit treatment, but the
reduction was less striking than in experiment A. The
control plants produced 9.7 ± 1.0 seeds per raceme,
compared to 5.6 ± 1.0 seeds per raceme on the water-
stressed plants at 6 weeks after water stress. Control
plants produced 7.5 ± 0.9 filled seeds and 2.2 ± 0.4
aborted (not filled) seeds per raceme, compared to 5.3
± 1.0 filled seeds and 0.3 ± 0.1 aborted (not filled)
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Figure 2. Accumulated number of flowers pollinated and seeds formed per raceme in planta (experiment 2). Racemes on plants
grown at 18°C pollinated with pollen from plants grown at 18 or 25°C (A, C). Racemes on plants grown at 25°C pollinated with
pollen from plants grown at 18 or 25°C (B, D). Values are mean ± SE for 40 racemes (eight replicates).
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Figure 3. Accumulated number of flowers pollinated and seeds set per raceme explant in vitro. Raceme explants cultured at
18°C and pollinated with pollen from raceme explants cultured at 18 or 25°C (A, C). Raceme explants cultured at 25°C and
pollinated with pollen from raceme explants cultured at 18 or 25°C (B, D). Values are mean ± SE for 20 racemes.

Figure 4. Accumulated number of flowers pollinated (A) and seeds formed (B) per raceme in planta on control plants and on
plants after a 3-day water-deficit stress as a function of weeks after stress (experiment A). Flowers pollinated (C) and seeds set
(D) on raceme explants in vitro from control plants and from plants after a 3-day water-deficit stress as a function of days in
culture. Raceme explants were cultured at 18°C. Values are mean ± SE for 20 racemes.
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seeds per raceme on plants receiving the water-
deficit-stress treatment. Seed size and mass were
similar on stress-treated and control plants and
comparable to experiment A. Average seed dry
weight for filled seeds on control plants was 34.6 ±
1.1 mg per seed, compared to 32.0 ± 0.9 mg per filled
seed on plants after the water-deficit-stress treatment.
Lengths and widths of the filled seeds were 7.5 ±
0.1 mm length and 5.0 ± 0.1 mm width for seeds on
control plants and 7.6 ± 0.1 mm length and 5.2 ±
0.1 mm width after the water-deficit-stress treatment.
Leaves of the water-deficit-stressed plants started the
senescence process (yellowing) at about the same time
as the leaves of the control plants.

Experiment A ( in vitro)

In vitro experiments using raceme explants showed
similar trends in flower formation and seeds per
raceme as in planta experiments in growth chambers.
Detached raceme explants from both control and
water-stressed plants produced flowers at the same
rate and duration throughout development (Fig. 4C).
Seed set was reduced 50% on the racemes from water-
stressed plants 4–14 days in culture (Fig. 4D).

Water-deficit-stress effect on pollen source

Three additional experiments provided raceme
explants for in vitro reciprocal pollinations at 18°C
between racemes of control and water-deficit-stressed
plants. In the first experiment, the temperature was
cool (24°C) during the period of water stress in planta.
Flower production was the same on explants at 18°C
in each treatment (Fig. 5A, B). Seed set was greater on
racemes from control plants (Fig. 5C, Wet � Wet,
11–14 days) than on racemes from water-stressed
plants (Fig. 5D, Dry � Wet) when pollen was from
control plant racemes at 18°C. However, when
pollinated with pollen of racemes from water-stressed
plants, seed set was the same (Fig. 5C, Wet � Dry and
Fig. 5D, Dry � Dry).

In a second experiment (data not shown), the
period of water stress in planta coincided with hot,
sunny weather. When the drought stress occurred at
elevated temperatures (28–30°C), the effect of source
of pollen was reduced following reciprocal crosses on
in vitro raceme explants at 18°C. In a third experiment
(data not shown), the water-stress period in planta
coincided with very hot weather (32–35°C), and seed
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set on in vitro raceme explants at 18°C was identical in
all four treatments. In planta experiments with
reciprocal crosses between control and water-deficit-
stressed plants were abandoned due to elevated
temperatures in 1993.

Discussion

The optimum temperature for seed set in buckwheat
is 18°C. Flowering was markedly delayed when
plants were grown at 15°C (also reported by
Lachmann and Adachi, 1990), and the experiment
was discontinued. In experiments with raceme
explants in vitro for 14 days, seed set was 4.5 ± 0.5
seeds per raceme (37 ± 3 flowers) at 20°C (data not
shown), 4.4 seeds per raceme (36 flowers) at 15°C
night/25°C day (data not shown), and 2.5 ± 0.5 (Fig.
1D) and 3.8 ± 0.3 (Fig. 3D) seeds per raceme at 25°C.
These values were lower than 7.4 ± 0.7 (Fig. 1D), 7.0 ±
0.6 (Fig. 3C) and 8.5 ± 0.9 (Fig. 5C) seeds per raceme
on raceme explants in vitro at 18°C, and 7.8 ± 0.6 seeds
per raceme in planta at 18°C (Fig. 1C), thereby
establishing 18°C as the optimum temperature for
seed set for experiments reported herein. Buckwheat
plants at 18°C produce the same number of flowers
during the first 3 weeks of flowering, the period when
nearly all seeds are set, as plants growing at 25°C, but
plants at 25°C produce only half as many seeds per
raceme as plants at 18°C. At 25°C, seed set stops
abruptly after 3 to 4 weeks of flowering in planta,
whereas at 18°C, seeds were set for a longer period of
time (Fig. 1C). A strikingly similar pattern was
observed with in vitro culture of detached raceme
explants (Fig. 1D). The frequency of flowers judged as
not fertilized increased as plants aged (Taylor and
Obendorf, 2001), resulting in decreased seed set with
increased plant age (Obendorf et al., 1993b; Björkman
et al., 1995a). High temperatures may also contribute
to degeneration of egg-sac components, leading to
lack of fertilization of the egg and central cell nucleus
(Guan and Adachi, 1992, 1994). At 24°C day (14 h)
and 18°C night (10 h), about 20% of the flowers had
abnormal egg sac components at anthesis, and this
proportion remained constant during the first 5 weeks
of flowering in planta (Taylor and Obendorf, 2001).

Taken together, these observations underscore the
acute temperature sensitivity of processes leading to
seed set at above-optimum temperatures. This
difference cannot be explained by availability of
photosynthates because the raceme explants received
identical nutrient medium and all racemes were
cultured at above 90% RH. A small improvement in
seed set was observed when raceme explants were
cultured at 25°C day and 15°C night (data not shown),
typical of a field environment. However, at 15°C
reproductive development is delayed (Lachmann and

Adachi, 1990). The limiting factor is not night
temperature alone, but appears to be an accumulated
temperature effect over a period of days, as
demonstrated in cowpea (Ahmed and Hall, 1993): a
heat stress 7–9 days before anthesis in cowpea resulted
in low pollen viability, a pattern consistent with our
results.

Seeds on plants at 18°C accumulated 40% more
dry weight per seed than seeds on plants at 25°C
(Table 1). This effect was independent of seeds per
raceme (3.1–7.5 at 18°C; 2.0–3.4 at 25°C), therefore not
limited by assimilate supply in these experiments,
and independent of pollen source. In mixed multiple-
donor pollinations, variations in pollen performance
were observed among pollen donor plants, but
donors had equal success in single-donor pollinations
(Björkman et al., 1995b). For experiments reported
herein, reciprocal crosses were with single-donor
plants. Embryo dry weight was the same at 18 and
25°C (Horbowicz et al., 1998), and therefore, the
increased seed weight at 18°C was due to increased
endosperm deposition. Seed production at 18°C
should increase both the milling fraction for
buckwheat flour and the quality of seed germplasm.
Maturation at 18°C also increases the concentration of
soluble carbohydrates, especially fagopyritol B1, in
the embryo (Horbowicz et al., 1998).

A temporary water-deficit stress during the first
week of flowering reduced the number of seeds
formed following pollination after the water stress,
but not the size and weight of seeds or the number of
flowers formed. After rewatering water-deficit-
stressed plants, a burst of new flowers appeared (Fig.
4A). Flowers that formed after recovery from a water-
deficit stress had a lower frequency of initiating seed
development than flowers forming on control plants
(Fig. 4B). Leaves on water-stressed plants started the
senescence process (yellowing) sooner than leaves on
control plants. This observation implies that the
supply of photosynthate may become limiting earlier
during the seed development phase of the stressed
plants. In maize, reproductive failure at low water
potential has been attributed to a decreased sucrose
flux and an altered carbohydrate metabolism (Boyle et
al., 1991; Zinselmeier et al., 1995). In buckwheat, the
ability of flowers to use available nutrients appeared
more limiting to seed set than the supply of
photosynthates. The fact that the effect of water-
deficit stress during the first week of flowering cannot
be reversed by feeding racemes on liquid nutrient
culture implies that something other than availability
of photosynthates limits seed set following water-
deficit stress. While an altered carbohydrate
metabolism was not addressed in the present study, in
other experiments (data not shown) sucrose
concentrations in buckwheat ovary/ovule tissues
were high at –1 to +3 days before/after anthesis and
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independent of subsequent seed set. Since both the
control and water-stressed racemes were cultured at
18°C, defective development of the egg-sac
components, or other female structures, was the most
likely cause of the lowered seed set. Water-deficit
stress affected maize (Zea mays L.) ovaries
(Zinselmeier et al., 1995) and may also affect pollen
(Barnabás, 1985). Buckwheat ovules are positioned
with the micropyle to the top, in line with
convergence of the three stylar canals (Obendorf et al.,
1993a). Misalignment of the micropyle and stylar
canals caused by differential shrinking of ovule and
ovary tissues was proposed as a reason for reduced
fertility in flowers appearing on ageing plants
(Obendorf et al., 1993b; Taylor and Obendorf, 2001). A
similar misalignment in flowers forming after a
water-deficit stress could result in reduced fertility.

Increasing plant age reduced seed set in newly
opened flowers (Obendorf et al., 1993b; Taylor and
Obendorf, 2001) in both water-deficit-stressed and
control plants (Fig. 4B). Fewer seeds initiated
development late in the flowering period. Those
seeds that do initiate late in the flowering period
usually had aborted ovules (Taylor and Obendorf,
2001) and failed to fill with seed storage reserves in
the embryo and endosperm. The water-deficit-stress
information may be a different signal than the age-
stress information, but both result in reduced fertility
of newly opened flowers that form subsequently. A 3-
day water-deficit stress during the first week of
flowering was sufficient to reduce the number of
seeds by 50% without a reduction in seed size or dry
matter accumulation per seed. Both male and female
components limited reproductive success (non-
additive) at above-optimal temperature or after
water-deficit stress. Either stress resulted in a
persistent reduction in seed set and sink strength.
Avoidance of heat or water-deficit stresses during the
early period of flowering was essential to maximizing
seed set and yield potential in common buckwheat.
Under the conditions described herein, flowers that
formed late in the period of flowering contributed
little to seed set and to yield potential.
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