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1 | INTRODUCTION
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Abstract

Water availability is one of the main factors affecting crop production and the occurrence
of drought periods is expected to increase in the context of ongoing climate change. We
investigated the impact of water stress on two pseudocereal species, common buckwheat
(Fagopyrum esculentum) and Tartary buckwheat (Fagopyrum tataricum). Plants were grown
under greenhouse conditions under two water regimes: control (40-50% soil humidity) and
water stress (<20% soil humidity). Although closely related, both species differed by their
resistance to water stress. The vegetative growth was affected in F. esculentum but not in
F. tataricum as water stress decreased leaf production, leaf fresh, and dry weight, stomatal
conductance, transpiration rate, and photosynthesis rate in the former but not in the latter.
However, chlorophyll fluorescence parameters were not affected by water stress, whatever
the species, and the chlorophyll content increased in water-stressed plants in both species.
Oxidative stress was observed in both species in response to water stress, and antioxidant
content was increased in F. tataricum. The reproductive phase was affected by water stress
in both species: the number of inflorescences and pollen production decreased, mainly in
F. esculentum. Seed set was maintained in F. tataricum while this parameter was not investi-
gated in F. esculentum due to its self-incompatibility. Our results suggested that F. tataricum
was more resistant to water stress than F. esculentum and that F. esculentum had character-

istics of drought avoidance, while F. tataricum exhibited traits of drought tolerance.

Lisar and Bakhshayeshan-Agdam, 2016). Water stress can have many
impacts on plants at every life stage. It can decrease the germination

In the face of climate change, extreme events, such as drought are
expecting to become more frequent and more intense (IPCC, 2014). It
will have many negative impacts on crop production. Indeed, water
availability is one of the main factors impacting crop production
(Barnabas et al., 2008; Gray and Brady, 2016). When the water supply
is inferior to the water demand, plants encounter water stress (Salehi-

Abbreviations: Ai, instantaneous net photosynthesis rate; CCl, chlorophyll content index; Ci,
intercellular CO, concentration; DW, dry weight; Ei, instantaneous transpiration rate; FRAP,
ferric reducing antioxidant power; FW, fresh weight; gs, leaf stomatal conductance; MDA,
malondialdehyde; NPQ, non-photochemical quenching; pq, photochemical quenching; ROS,
reactive oxygen species; WC, water content; WS, water stress; WUEI, instantaneous water
use efficiency; WW, well-watered; ¢PSlI, photosystem Il efficiency.

rate (Prasad et al., 2008; Farooq et al., 2009). It can cause a reduction
in vegetative growth (Prasad et al., 2008; Farooq et al., 2009; Gray
and Brady, 2016), photosynthesis rate can be reduced (Cornic and
Massacci, 1996; Prasad et al., 2008; Farooq et al., 2009) and repro-
duction parameters, such as female and male sterility, fertilization can
be affected. This can result in a lower yield (Barnabas et al., 2008;
Prasad et al., 2008; Farooq et al., 2009; Gray and Brady, 2016). Water
stress can also lead to the production of reactive oxygen species
(ROS) (Farooq et al., 2009).

But, over time, plants have developed resistance strategies to
cope with drought. Some escape by growing and reproducing before
the drought-period (Chaves et al., 2003; Hu and Xiong, 2014,
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Kooyers, 2015). Others became avoiders by maintaining their water
status. In this case, plants reduce their transpiration rate by closing
their stomata allowing them to limit water loss. They also extend their
root system to increase their water uptake (Chaves et al., 2003; Hu
and Xiong, 2014; Kooyers, 2015). Finally, tolerant plants manage to
keep their growth and reproduction afloat by, for example, producing
more osmolytes or antioxidants (Chaves et al, 2003; Hu and
Xiong, 2014; Kooyers, 2015). These strategies are not exclusive and
one plant can exhibit adaptations coming from different strategies.
Depending on the duration and severity of the stress, the effects can
be different (Salehi-Lisar and Bakhshayeshan-Agdam, 2016).

Buckwheat (Fagopyrum sp.) is a species gaining in interest but yet
not much cultivated. It has three main qualities. First, buckwheat
grows well on poor soils, does not need fertilizers or biocides
(Sharma, 1986; Myers and Meinke, 1994; Campbell, 1997,
Small, 2017). It is sustainable for organic and environmental-friendly
farming (Small, 2017). Second, buckwheat belongs to the Poly-
gonaceae family and is a pseudocereal with high nutritional qualities
(Myers and Meinke, 1994; Campbell, 1997; Small, 2017). Seeds are
rich in lysine, dietary fibers, minerals, and are gluten-free
(Campbell, 1997; Alvarez-Jubete et al., 2010) and can be used as
Poaceae seeds (Sharma, 1986; Campbell, 1997; Small, 2017). Third,
buckwheat is recognized for its medicinal qualities. It contains high
concentrations in fagopyritols and antioxidants, such as phenolic com-
pounds (Alvarez-Jubete et al., 2010; Zhu, 2016). Among these mole-
cules, rutin is the most important one found in buckwheat and is
involved in the prevention of several diseases, such as diabetes,
hypertension, liver damage (Kreft, 2016; Zhu, 2016). But, compared
to other crops, buckwheat is not much cultivated (FAOSTAT, 2018).
There are several reasons for that low production. First, buckwheat
has been the subject of few breeding programs in contrast to major
crops like wheat or rice (Myers and Meinke, 1994; Small, 2017). Then,
it has an indeterminate flowering, low seed set, and extended seed
maturation over time (Cawoy et al., 2007; Jacquemart et al., 2012;
Stomka et al., 2017). Moreover, buckwheat is also sensitive to some
environmental conditions, such as frost and has a high water require-
ment (Jacquemart et al., 2012).

Two buckwheat species are cultivated, Fagopyrum esculentum
Moench. (common buckwheat) and Fagopyrum tataricum (L.) Gaertn.
(Tartary buckwheat). Both originated from China, F. esculentum is more
largely cultivated than F. tataricum (Myers and Meinke, 1994,
Campbell, 1997). The two species differ for their reproduction.
F. esculentum is a self-incompatible species mainly pollinated by insects
(Sharma, 1986; Campbell, 1997; Miljus-bukic et al., 2010). It produces
two morphs of flowers: pin and thrum flowers. Pin flowers have a style
being longer than the stamens. Thrum flowers have a style shorter than
the stamens (Sharma, 1986; Campbell, 1997; Miljus-buki¢ et al., 2010).
F. tataricum produces one type of flower that can self-pollinate and
self-fertilize (Sharma, 1986; Campbell, 1997). The two species also dif-
fer by their antioxidant production. F. esculentum contains fewer anti-
oxidants than F. tataricum (Fabjan et al., 2003; Zhu, 2016). For
example, for rutin, F. esculentum has values 100 times lower than the
ones of F. tataricum (Fabjan et al., 2003; Zhu, 2016). This high

concentration in antioxidants gives a bitterer taste to F. tataricum
(Fabjan et al., 2003). That could explain why F. esculentum counts for
90% of the buckwheat production (Small, 2017).

Although some researchers investigated the impacts of water
stress on the early stages of F. esculentum (Delpérée et al., 2003;
Cawoy et al., 2006), the mechanisms underlying its resistance remain
largely unknown. Moreover, the impacts of water stress on F. tataricum
have not been much investigated so far. In this prospect, we compared
the response of F. esculentum and F. tataricum to water stress during
their life-span. This study aims to answer these questions: (1) What are
the impacts of water stress on the vegetative, reproductive, and antiox-
idant parameters of F. esculentum and F. tataricum? (2) Do the two spe-
cies show mechanisms of resistance to drought? (3) Are these
mechanisms the same between the two species? Because of its poor
root system, we expected F. esculentum to be drought-sensitive
(Sharma, 1986; Myers and Meinke, 1994; Campbell, 1997). F. tataricum
is expected to show drought-tolerant mechanisms such as an increase
in antioxidants, maintenance of its growth and reproduction (Chaves
et al,, 2003; Hu and Xiong, 2014; Kooyers, 2015).

2 | MATERIAL AND METHODS

21 | Plant material and growth conditions

Seeds of F. esculentum var. Darja and of F. tataricum var. Zlata were
received from Prof. Dr. Ivan Kreft (University of Ljubljana, Slovenia).
They were sowed in peat compost (DCM, Amsterdam, the Nether-
lands) and 2 weeks later, the seedlings were transplanted into 2 |
pots filled with the same peat compost. Plants were grown under
greenhouse conditions (temperature of 22 + 2°C, relative humidity
of 65+5% and 16 h-photoperiod). Four weeks after sowing,
20 plants of each species were placed under control conditions with
a water supply every 3 days and 20 others were placed under water
stress with a water supply every 2 weeks. Soil moisture was mea-
sured every week to certify the well-watered (WW, 40-50% soil
humidity) or the water stress (WS, < 20% soil humidity) condition
by using ProCheck sensor handheld reader (Decagon Devices). The

experiment lasted 74 days.

2.2 | Vegetative and reproductive growth
parameters

Every week, on 10 plants per species and treatment, were counted
the number of leaves (unfolded) and the number of inflorescences in
anthesis on the main stem. The node of the first inflorescence was
noted to evaluate the flowering time (the nodes were counted acrope-
tally and the cotyledonary node was disregarded). At the end of the
experiment, the total number of leaves and inflorescences per plant
were counted on the 10 plants.

Ten inflorescences (between the 12th and 14th nodes) per species

and condition were collected and placed in FAA (formaldehyde: acetic
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acid: 70% alcohol, 1:1:18) after 6 weeks of treatment. The inflorescences
of buckwheat are racemes of cymes (Quinet et al., 2004). Therefore, the
number of cymes, flowers, and seeds per inflorescence were counted
using a stereomicroscope. The seed set was obtained by dividing the
number of seeds by the number of flowers per inflorescence.

Ten non-opened flower buds of well-watered or water-stressed
F. esculentum were also collected in FAA. Two anthers per flower buds
were opened separately on a microscope slide and colored with 10 pl
of Alexander's dye (Alexander, 1969). Under a light microscope, the
number of pollen grains per anther was counted.

The leaves and stems of three plants per species and condition
were harvested separately after 6 weeks of treatment and weighed to
obtain the fresh weight (FW). Then, they were placed in an oven at
70°C for 2 days and weighed again to obtain the dry weight (DW). The
water content (WC) was calculated as WC = [(FW-DW)/FW] * 100.

2.3 | Physiological parameters

After 2 weeks of treatment, parameters linked to the photosynthesis
and water status of the plants were taken on the youngest expanded
leaf of five plants per species and condition. The chlorophyll content
index (CCl) was measured with a chlorophyllometer (Opti-Sciences,
CCM-200) four consecutive times per leaf at different spots. Chloro-
phyll fluorescence parameters and more precisely the photosystem Il
efficiency (pPS2), the photochemical quenching (qP) and the non-
photochemical quenching (NPQ) were measured thanks to a fluores-
cence monitoring system (FMS II; Hansatech Instruments) according
to Descamps et al. (2018). The instantaneous net photosynthesis rate
(Ai), the instantaneous transpiration rate (Ei), the leaf stomatal
conductance (gs) and the intercellular CO, concentration (Ci) were
quantified by using an InfraRed Gas Analyzer (IRGA, ADC BioScien-
tific LCI-SD system). The instantaneous water-use efficiency (WUEi)
was calculated as WUEi = Ai/Ei.

24 | Antioxidant parameters

The leaves of five plants per species and treatment were collected
after 6 weeks of treatment. They were crushed in liquid nitrogen to
analyze the concentration in malondialdehyde (MDA, membrane per-
oxidation byproduct), the antioxidant capacity by FRAP method (ferric
reducing antioxidant power) and the concentrations in polyphenols
and flavonoids according to Aubert et al. (2020).

The MDA concentration was measured by spectrophotometry
using the trichloroacetic acid method from 250 mg of plant material.
Results were expressed in nmol g~ FW. For antioxidant capacity, the
hydrophilic antioxidants (AOAM fraction) were extracted by methanol
and the hydrophobic antioxidants (AOAD fraction) by dic-
hloromethane from 1 g of plant material. After reaction with the FRAP
solution, absorbance was read at 593 nm by a spectrophotometer
(UV 1800, Shimadzu) and results were expressed in pM equivalent

Trolox g~* FW. Polyphenols were quantified using the Folin-Ciocalteu
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colorimetric method from 100 mg of plant material. Results were read
at 760 nm using a spectrophotometer and expressed in mg equivalent
gallic acid g=* FW. The flavonoids concentration was quantified
thanks to the aluminum chloride chelation method and the absor-
bance was read at 440 nm using a spectrophotometer. Results were
expressed in mg equivalent quercetin g~* FW.

2.5 | Statistical analyses

All of the analyses were conducted in R studio. Counting data were
analyzed by Poisson regression testing the effects of the species, the
water treatment and their interactions. The remaining data were ana-
lyzed by aNova testing the same effects but first, the normality of the
residues and the variance homoscedasticity were verified using
Shapiro-Wilk tests and Levene's tests, respectively. When the homo-
scedasticity was not met, Kruskal-Wallis tests were performed. Dif-
ferences are significant when P-values were inferior at 0.05.

3 | RESULTS
3.1 | The effect of water stress on vegetative
growth differed between buckwheat species

Regarding the number of leaves on the main stem, a difference
between the two species appeared during the 2nd and the 4th week
of stress with F. esculentum producing more leaves than F. tataricum
(Figure 1; F1 14 = 12.73, P = 0.0026). The effect of WS was not the
same for the two species (Fy 14 = 11.02, P = 0.0043). From the second
week of stress, F. esculentum produced more leaves under control
condition than under WS (Fy 10 = 9.5, P = 0.011), while there was no
effect on the production of leaves of F. tataricum. At the end of the
experiment, the total number of leaves per plant was 44.6 + 8.1 and
23.2 £ 3.4 for F. esculentum under control condition and under WS,
respectively, whereas it was 43.7 + 11 and 35.5 + 3.5 for F. tataricum
under control condition and under WS, respectively.

25
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FIGURE 1 Effect of water stress on the production of leaves on

the main stem of two buckwheat species, Fagopyrum esculentum and
F. tataricum. The plants were either well-watered (WW) or under
water stress (WS) for six weeks. Data are presented as mean

+ standard error (n = 10)
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The water treatment had an impact on the fresh weight
(F14 = 17.55, P = 0.014) and dry weight (F;4 = 33.67, P = 0.0044)
of the leaves of F. esculentum (Table 1). The weights were higher
under control condition than under WS but the leaf water content
was not affected. There was no effect on the weights (FW and
DW) and water content of the leaves of F. tataricum and neither on
the weights and water content of the stems of the two species
(Table 1).

3.2 | The effect of water stress on physiological
parameters differed between buckwheat species
3.21 | Water status

The instantaneous transpiration rate (Ei) and the leaf stomatal conduc-

tance (gs) of F. tataricum was not affected by the water treatment

F. esculentum

(Table 2; Ei: x21 =0.33, P = 0.56; gs: F14 = 0.089, P = 0.77) but there
was a difference between the two water treatments for F. esculentum
(Table 2; Ei: 2, = 6.82, P = 0.009; gs: ¥?; = 7.07, P = 0.0078). The
plants WW had higher values for these two parameters than the
plants under WS. Finally, Ei was also different between the two spe-
cies with F. esculentum having a lower Ei than F. tataricum (Table 2;
¥%1 =9.41, P = 0.0022).

3.2.2 | Photosynthetic status

The water treatment had no effect on the intercellular CO, concen-
tration (Ci) and on the instantaneous net photosynthesis rate (Ai) of
F. tataricum (Table 2; F; ¢ = 0.89, P = 0.38; F14 = 0.053, P = 0.83). In
the contrary, for F. esculentum, Ci and Ai were higher under control
condition than under WS (Table 2; Fyg = 317.92, P<0.001;
F1g=84.36, P < 0.001).

TABLE 1 Effect of water stress on

F. tataricum

Species the fresh weight, dry weight and the
Water treatment WWwW WS WwW WS water content of leaves and stems of two
Fresh weight (g) Leaves 15.8 +4.2° 48+16 43+0° 42+0° buckwheat species, Fagopyrum
esculentum and F. tataricum

Stems 32.1 +14.22 15.6 £ 2.6° 11.0+0? 7.3+0°
Dry weight (g) Leaves 3+0.5° 1.0+0.3° 1.0 £ 0.6° 0.8 £ 0.05°

Stems 55+23 2.2 +0.1° 1.1+0.72 1.3+04%
Water content (%) Leaves 80.6 + 4.7° 78.1 + 3.0° 85.3+0? 80.9 + 0?

Note: The plants were either well-watered (WW) or under water stress (WS) for 6 weeks. Data are
presented as mean * standard error (n = 3). Different letters mean a significant difference (P < 0.05)

between the two water treatments for a same species according to ANOVA test.

F. esculentum

TABLE 2 Effect of water stress on

F. tataricum

Species the instantaneous transpiration rate (Ei),
Water treatment ww WS ww WS the leaf stomatal conductance (gs), the
Ei (mmol H,0 m? s™Y) 290+054° 039+013°  416+051° 374+128° intercellular CO concentration (Ci), the
P . b 5 R instantaneous net photosynthesis rate
gs (mol H,O m*s™) 0.89 £0.38 0.02 £ 0.01 047 £0.13 0.43 + 0.23 (Ai) and the instantaneous water use
Ci (pmol CO, mol™?) 420.0 + 5.22 2882+ 157° 4002 +64% 3942+ 11.0° efficiency (WUEI) of two buckwheat
Ai (umol CO, m2s7%) 6.7 +0.6° 1.6 +0.8° 1.8 0.8 1.7 0.6 species, Fagopyrum esculentum and F.
WUEi (umol CO, mmol~*H,0) 237 £0.35°  402+072°  046+022° 048+ 0.12° tataricum
Note: The plants were either well-watered (WW) or under water stress (WS) for 6 weeks. Data are
presented as mean * standard error (n = 5). Different letters mean a significant difference (P < 0.05)
between the two water treatments for a same species according to ANovA test.
TABLE 3 Effect of water stress on

F. esculentum

F. tataricum

Species the chlorophyll content index (CCl), the

Water treatment ww WS ww WS photosystem |l efficiency (pPS2), the

cal 441457 532+ 6.1° 31.8+29° 37.1+68° photochemical quenching (qP) and the
non-photochemical quenching (NPQ) of

@PS2 0.71 £ 0.06° 0.71 £ 0.06% 0.75 + 0.04° 0.73 £ 0.05° two buckwheat species, Fagopyrum

qP 0.90 + 0.06% 0.88 + 0.04* 0.91 + 0.05° 0.88 + 0.04° esculentum and F. tataricum.

NPQ 0.53 £0.16* 0.55 + 0.29* 0.21 +0.07% 0.20 + 0.07%

Note: The plants were either well-watered (WW) or under water stress (WS) for 6 weeks. Data are
presented as mean * standard error (n = 5). Different letters mean a significant difference (P < 0.05)

between the two water treatments for a same species according to ANOvA test.
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The instantaneous water use efficiency (WUEi) was different
between the two species with the WUEI of F. esculentum being higher
than the WUEI of F. tataricum (Table 2; le =12.63, P < 0.001). There
was an impact of the water treatment on the WUEi only in
F. esculentum, which was lower under WW condition than under WS
(Table 2; F1 g = 20.73, P = 0.0019).

The chlorophyll content index (CCI) was higher for F. esculentum
than for F. tataricum (Table 3; Fy50 = 84.28, P < 0.001) and it was
higher for the plants under WS than for the ones under control condi-
tion for both species (F4 50 = 23.36, P < 0.001).

About the chlorophyll fluorescence, there was no impact of the
water treatment (Table 3). There was only a difference between the
two species for the non-photochemical quenching (Table 3;
F114 = 18.66, P < 0.001). The NPQ of F. esculentum was higher than
the one of F. tataricum.

3.3 | Water stress affected reproductive growth in
both species

The node of the first inflorescence was different between the two
17.04, P <0.001). The first inflorescence of
F. esculentum appeared at the 6.0 + 1.0 node, while it appeared at the

species (F116 =

8.4 + 1.4 for F. tataricum. There was no effect of the water treatment
on this parameter (F4 14 = 0.031, P = 0.86).

Regarding the number of inflorescences in anthesis on the main
stem, F. esculentum had more inflorescences than F. tataricum what-
ever the treatment (Figure 2(A); F1 16 = 43.91, P < 0.001). The impact
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of water treatment on this parameter appeared the second week of
treatment for F. esculentum with the plants under control condition
having more inflorescences in anthesis on the main stem than the
plants under WS (Fy 16 = 5.93, P = 0.027). A different trend was
observed in F. tataricum where the WS plants had more inflores-
cences at anthesis on the main stem than WW plants even though
the difference was only significant 38 days after the start of treat-
ment. At the end of the experiment, the number of inflorescences at
anthesis on the main stem dropped in F. tataricum plants under WS as
the flowers already set seeds or have wilted, while flowers at anthesis
were still present under control condition and in F. esculentum.

The total number of inflorescences per plant (Figure 2(B);
F112 = 13.03, P = 0.0036), the number of cymes per inflorescence
(Figure 2(C); F129 = 93.51, P <0.001) and the number of flowers
per inflorescence (Figure 2(D); F1,o = 159.59, P <0.001) were
higher in F. esculentum than in F. tataricum. However, although the
plants WW produced more inflorescences than the plants under
WS (F112 = 16.17, P = 0.0017), there was no effect of the water
treatment on the number of cymes (Fi2o = 0.63, P = 0.43) and
flowers (F129 = 1.75, P = 0.2) per inflorescence. The seed set of
F. tataricum was not affected by the water treatment and was of
31.7% + 13.4 (F114 = 0.24, P = 0.63). Because F. esculentum needs a
cross-pollination by insects to produce seeds, no seeds were
obtained during this experiment but pollen quantity was investi-
gated. The number of pollen grains per anther of F. esculentum was
impacted by the lack of water (F; 35 = 14.42, P < 0.001). The plants
WW produced more pollen grains per anther (108 + 16) than the
plants under WS (94 + 6).

80
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FIGURE 2

F. esculentum F. tataricum

Effect of water stress on reproductive parameters of two buckwheat species, Fagopyrum esculentum and F. tataricum. (A) Number

of inflorescences in anthesis on the main stem, (B) total number of inflorescences, (C) number of cymes per inflorescence, (D) number of flowers
per inflorescence. The plants were either well-watered (WW) or under water stress (WS) for 6 weeks. Data are presented as mean * standard
error (vertical bars) (n = 10). Different letters mean a significant difference (P < 0.05) between the two water treatments for a same species

according to Poisson regression
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3.4 | Water stress increased antioxidants
production in F. tataricum

The water stress increased the concentration of malondialdehyde in

the leaves mainly for F. tataricum (Figure 3(A); le = 10.59,
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FIGURE 3 Effect of water stress on the oxidative status of leaves of

two buckwheat species, Fagopyrum esculentum and F. tataricum.

(A) Concentration of malondialdehyde (MDA), (B) activity of hydrophilic
antioxidants (AOAM), (C) polyphenols concentrations, (D) flavonoids
concentrations, (E) activity of hydrophobic antioxidants (AOAD). The
plants were either well-watered (WW) or under water stress (WS) for

6 weeks. Data are presented as mean * standard error (vertical bars)

(n = 5). Different letters mean a significant difference (P < 0.05) between
the two water treatments for a same species according to aNovA test

P = 0.0011). Regarding the total content of hydrophilic antioxidants in
the leaves, there was no impact of the water treatment for
F. esculentum (Figure 3(B); F14 = 0.16, P = 0.71) but it increased with
the WS in F. tataricum (F1 4 = 14.45, P = 0.019). This increase could be
related to the higher content of polyphenols (Figure 3(C); F14 = 12.46,
P = 0.012) and flavonoids (Figure 3(D); F1, = 30.98, P = 0.031)
observed in F. tataricum in response to WS. However, the concentra-
tion of hydrophobic antioxidants (Figure 3(E); F1g = 0.086, P = 0.78)

was not affected by WS whatever the species.

4 | DISCUSSION
Regarding the results of our study, F. esculentum var. Darja and
F. tataricum var. Zlata seem to have developed different resistance
strategies to cope with a water deficit (Figure 4). F. esculentum had
characteristics of drought avoidance, while F. tataricum exhibited
traits of drought tolerance. F. esculentum showed changes in parame-
ters linked to the water status to maintain its water content.
F. tataricum showed no changes in its vegetative growth, water status
nor photosynthetic status but an increase in oxidative defense. How-
ever, the two species shared the same resistance strategy that con-
sisted of the maintenance of the photosynthesis light phase. Indeed,
the chlorophyll content of F. esculentum and F. tataricum was higher
under water stress. This has also been shown in F. esculentum var. La
Harpe in response to water stress (Delpérée et al., 2003). The chloro-
phyll content has been reported as an index of drought resistance in
dicotyledons such as Solanum tuberosum or Arachis hypogaea as well
as in the monocotyledons Hordeum vulgare and Triticum durum (van
der Mescht et al., 1999; Li et al., 2006; Arunyanark et al., 2008;
Talebi, 2011). Indeed, the maintenance or increase of chlorophyll con-
tent allowed the maintenance of photosynthesis and plant productiv-
ity (Li et al., 2006; Talebi, 2011; Anithakumari et al., 2012). However,
we observed a decrease in plant growth in F. esculentum in response
to water stress. In their study, Delpérée et al. (2003) observed also a
decrease in leaf area due to water stress. The increase in chlorophyll
content index could thus be partly explained by these decreases and
could result from a concentration effect. We also observed that water
stress had no impact on the chlorophyll fluorescence of F. esculentum
and F. tataricum, meaning that the photosynthesis light phase machin-
ery was not affected by water stress. The stability of the photosyn-
thetic apparatus has been considered as another index of drought
resistance (van der Mescht et al., 1999; Li et al, 2006; Nakayama
et al., 2007). Although both species shared the same resistance strat-
egy regarding the photosynthesis light phase, they differ in their
response to water stress regarding the photosynthesis dark phase.
Indeed, the net photosynthesis rate was not affected in F. tataricum
but decreased with water stress in F. esculentum. Such discrepancy
could be explained by their difference in the management of water
status and stomata opening in response to water stress.

Fagopyrum esculentum showed drought avoidance adaptations to
maintain its water status, while F. tataricum was less affected by water

stress. Water stress reduced leaf production and leaf fresh and dry weights
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Reproductive growth:

«  Number of inflorescences in anthesis =, —
Total number of inflorescences —
Number of cymes per inflorescence =
Number of flowers per inflorescence =
Seed set =

Vegetative growth:

»  Number of leaves =

qp » Fresh and dry weight of leaves =
0 *  Water content of leaves =

Water status:
» Leaf stomatal conductance =
+ Transpiration rate =

Photosynthesis status:

*  Chlorophyll content index +

»  Chlorophyll fluorescence =

+ Intercellular CO, concentration =
» Photosynthesis rate =

»  Water-Use Efficiency =

Oxidative status of leaves:

« MDA +++
«  AOAM +++
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* Polyphenols ++
* Flavonoids +

lism drought-tolerance mechanism

FIGURE 4 Summary of the effects of water stress on the reproductive growth, vegetative growth, water status, photosynthesis status, and
oxidative status of two buckwheat species, Fagopyrum esculentum and F. tataricum. The plants were either well-watered or under water stress
(WS) for 6 weeks. AOAD, hydrophobic antioxidants; AOAM, hydrophilic antioxidants; MDA, malondialdehyde

in F. esculentum but did not affect leaf water content, confirming that the
plant limited water losses. When plants are facing water scarcity, cell divi-
sion is limited as well as cell elongation, giving fewer leaves (Schuppler
et al,, 1998; Prasad et al., 2008; Gray and Brady, 2016). Another reason
could be the reallocation of resources in favor of root development.
Indeed, promoting root development improves water supply (Cornic and
Massacci, 1996; Gray and Brady, 2016). However, root growth was not
investigated in our study. In their work on F. esculentum, Tadina et al. (2007)
did not observe any impact of water stress on root dry weight, but neither
did they observe any effect on shoot dry weight, contrary to our results.
Further investigations would be required to test this hypothesis. Limited
resources to produce leaves could also be explained by a problem of pho-
tosynthesis (Farooq et al., 2009). Decreasing leaf production was reported
as a strategy that allowed the plants to avoid transpiration and water loss
(Cornic and Massacci, 1996). In response to drought, F. esculentum showed
a reduction in the stomatal conductance and the transpiration rate in our
study. This decrease in stomatal conductance translates a closure of the
stomata, which is the first response to drought in many species
(Schapendonk et al, 1989; Armau et al, 1997; Delpérée et al., 2003;
Nakayama et al., 2007; Tadina et al., 2007; Pszczétkowska et al., 2012).
Indeed, this change allowed a reduction in transpiration which results in

less water loss and the maintenance of the water status (Schapendonk

et al, 1989; Cornic and Massacci, 1996; Nakayama et al., 2007), as
observed in F. esculentum. However, the stomata closure resulted in a
decrease of intercellular CO, concentration and net photosynthesis rate in
F. esculentum as previously mentioned. Indeed, when the stomata are
closed, less CO, can enter the leaves and be used for photosynthesis and
carbohydrate production (Cornic and Massacci, 1996; Nakayama
et al., 2007; Prasad et al., 2008; Pszczétkowska et al., 2012). This could
explain the lower growth rate of F. esculentum in response to water stress.
However, the WUE of F. esculentum increased with water stress. As
defined by Prasad et al. (2008), the WUE is the assimilation of carbohy-
drates per unit of used water. As previously mentioned, in the face of
water stress, plants limit the amount of transpired water but some of them
continue to produce assimilates, hence increasing the WUE (Schapendonk
et al., 1989; Prasad et al., 2008; Gray and Brady, 2016). Maintaining a high
WUE under drought conditions has been reported as a mechanism of
avoidant plants (Kooyers, 2015).

Regarding F. tataricum, except the impact on its chlorophyll con-
tent as discussed previously, there was no change in its water status,
photosynthesis and vegetative growth in the face of water stress. This
has also been observed in other species like H. vulgare and Triticum
aestivum (Cornic and Massacci, 1996; Arnau et al., 1997; Shangguan

et al., 1999). These plants were considered drought-tolerant thanks to
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an osmotic adjustment (Arnau et al., 1997; Prasad et al., 2008). The
accumulation of osmolytes like proline in the cells allowed these cells
to remain at turgescence and to avoid impacts on their photosynthetic
apparatus or changes in their water status (Cornic and
Massacci, 1996; Arnau et al., 1997; Shangguan et al., 1999; Prasad
et al., 2008). To validate this theory, it would be interesting to analyze
the osmolytes concentrations in F. tataricum.

Another resistant strategy to cope with water stress is the pro-
duction of antioxidants (Chaves et al., 2003). Buckwheat is known to
produce high amount of antioxidants, particularly F. tataricum (Fabjan
et al., 2003; Zhu, 2016). Antioxidants are involved in ROS scavenging
and limit oxidative stress (Chaves et al., 2003; Farooq et al., 2009).
Oxidative stress was observed in response to water stress in both
buckwheat species and especially in F. tataricum, as indicated by the
increase in MDA in the leaves. To cope with oxidative stress, antioxi-
dant capacity, polyphenols, and flavonoids concentrations increased
in response to water stress in F. tataricum. Our results suggest that
antioxidant production was sufficient to avoid the negative effects of
oxidative stress since neither plant growth nor the light phase of
photosynthesis, which is generally the first site of oxidative stress
(Farooq et al., 2009; Salehi-Lisar and Bakhshayeshan-Agdam, 2016),
was affected in F. tataricum. Siracusa et al. (2017) highlighted the
same increase in polyphenols and flavonoids compounds in
F. esculentum in response to water stress. Suzuki et al. (2005)
observed an increase in rutin, an important flavonoid present in
buckwheat, in the leaves of F. tataricum facing desiccation. It was
also observed in other species such as Gossypium hirsutum,
T. aestivum and Amaranthus tricolor (Shah et al., 2011; Ma
et al., 2014; Sarker and Oba, 2018). Polyphenols, and more precisely
flavonoids, are the main antioxidants observed in buckwheat (Lee
et al., 2016; Matsui and Walker, 2020). These molecules have often
been highlighted for their antioxidant properties in many reviews
(Heim et al., 2002; Shahidi and Ambigaipalan, 2015). They play an
important role in the protection of plants against abiotic stresses
(Treutter, 2006; Khlestkina, 2013; Sharma et al., 2019).

Although water stress affected differently the vegetative growth
of F. esculentum and F. tataricum, it affected the reproductive growth
in both species. In F. esculentum, the total number of inflorescences
and the number of pollen grains per anther were reduced under water
deficit. In F. tataricum, there was also a decrease in the total number
of inflorescences under water deficit. Cawoy et al. (2006) also
observed a decrease in the number of inflorescences and flowers in
response to osmotic stress in F. esculentum var. La Harpe. A reduction
in inflorescence number could be explained by lower assimilates pro-
duction or by competition between organs for assimilates (Barnabas
et al., 2008; Phillips et al., 2018). It is known that drought reduces the
photosynthetic rate and so the amount of assimilates, leading to a
reduction of inflorescences in species such as Sorghum bicolor, Olea
europaea, or Oryza sativa (Craufurd and Peacock, 1993; Rapoport
et al., 2012; Akram et al., 2013). We observed that the net photosyn-
thesis rate was reduced in F. esculentum, it could thus result in lower
assimilates production. However, such photosynthesis reduction was

not observed in F. tataricum. Flower production is indeterminate and

profuse in buckwheat and may represent a main sink organ (Quinet
et al., 2004; Cawoy et al., 2007). Cawoy et al. (2007) demonstrated
that, in response to defoliation and thus reduction of assimilates,
F. esculentum var. La Harpe produced fewer inflorescences, thus vali-
dating this theory. Another reason could be the resources reallocation
for roots at the cost of reproductive structures (Farooq et al., 2009).
In other species, such as Borago officinalis, the reduction in the number
of flowers in anthesis was explained by flower abortion (Descamps
et al., 2018). Flower abortion could also be related to a shortage in
assimilates. However, this parameter was not studied here.

In addition to flower number, flower fertility and seed set could also
be affected by water stress (Barnabas et al., 2008; Farooq et al., 2009).
F. esculentum is self-incompatible and pollen needs to be transferred
between flowers by insects for seed production (Sharma, 1986;
Campbell, 1997; Miljus-buki¢ et al., 2010). We observed that water
stress reduced pollen production in this species. Cawoy et al. (2006) also
observed a reduction of pollen grains per anther in response to osmotic
stress in F. esculentum. A decrease in pollen grain number has also been
observed in response to water stress in other species (Puteh
et al., 2009; Waser and Price, 2016). Microsporogenesis is reported as
one of the reproductive stages most sensitive to stress in several species
(Saini, 1997; Cawoy et al., 2006). Indeed, the production of pollen
requires a lot of energy and could thus also be limited due to low assimi-
lates production or competition for assimilates (Borghi et al., 2019).
However, due to the self-incompatibility, we did not investigate the
consequence in terms of seed production in F. esculentum. In their study,
Cawoy et al. (2006) showed that the seed production per inflorescence
was reduced by osmotic stress but that it was more the consequence of
a lower number of flowers than of a lower seed set. Unlike
F. esculentum, F. tataricum is self-fertile (Sharma, 1986; Campbell, 1997).
We observed that F. tataricum managed to maintain seed set under
water stress. Usually, when plants are facing drought stress, they
encounter a yield loss (Barnabas et al., 2008; Farooq et al., 2009). Other
studies on the impacts of water stress on buckwheat showed no change
in the seed production (Tadina et al., 2007; Germ et al., 2013).

5 | CONCLUSION

In response to water stress, F. esculentum and F. tataricum showed dif-
ferent resistance strategies. Water stress reduced vegetative growth,
affected water status and photosynthesis in F. esculentum but not in
F. tataricum, although oxidative stress was observed in both species.
F. tataricum seems thus more tolerant to water stress than
F. esculentum. Indeed, F. esculentum had more characteristics of
drought avoidance and closed stomata to maintain its water status,
while F. tataricum exhibited more traits of drought tolerance by the
production of antioxidants. Water stress also affected the reproductive
phase in both species by decreasing the inflorescence production,
mainly in F. esculentum. It also reduced pollen production in the latter.
Although seed set was maintained in F. tataricum, further studies are
required to see the impact of water stress on seed production in both

species.
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