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ARTICLE INFO ABSTRACT

Keywords: The rising atmospheric [CO,] levels will increase global temperature and drought events, threatening wheat
Buckwheat (Triticum aestivum) production. In recent years, buckwheat (Fagopyrum esculentum) has emerged as an alternative
crop to wheat under extreme drought. However, it is essential to understand the ability of these species to
Dfo}‘:ghcto h d d ht. H it i ial d d the ability of th i
Hieh temperature withstan ure climatic conditions where drought and high temperature will occur simultaneously in a hig|
High [CO,] ithstand future climatic conditions where drought and high t ture will imult ly in a high
Phitosyntphesis [CO2] environment. Since the mitigating effect of high [CO] is strongly influenced by the severity of the stress,
Stomatal conductance we compared the response of wheat and buckwheat, differently sensitive to drought, to future climatic scenarios.
Wheat n wheat, high temperature and hig| -] passively decreased water potential, as shown by the higher dehy-
In wh high d high [CO,] ively d d ial. h by the higher deh

dration. Likewise, future drought extremely increased water requirements, causing extreme reductions in the
photosynthetic rate and in the quantum yield of PSII, as well as changes in the antioxidant metabolism.
Conversely, buckwheat maintained optimal hydration levels, promoted higher photosynthetic rates and
increased water-use efficiency under the combination of high [CO,] and high temperature, with and without
drought. The improved response of buckwheat was attributed to an enhanced stomatal regulation and water-use
efficiency, and resulted in an outperforming growth under future climatic conditions compared to the growth in
wheat. Our research highlights the promising potential of buckwheat as an alternative crop to wheat under future
climatic scenarios.

1. Introduction induces stomatal closure and transpiration decrease in order to prevent

water loss, leading to the inhibition of net photosynthetic [CO3]

Atmospheric [CO;] has been increasing exponentially over the past
decades and it is expected to keep increasing by the end of the century
(www.co2.earth). According to the last reports of the Intergovernmental
Panel on Climate Change (IPCC), [CO2] will continue to rise from the
current approximate 400-700 ppm by 2070 (The Core Writing Team
IPCC, 2021, 2015). As a consequence, greenhouse effect will be
enhanced, leading to a likely increase in global temperatures of 3 °C
(The Core Writing Team IPCC, 2021, 2015). High temperatures will in
turn increase water evaporation, intensifying water scarcity in different
regions of the planet. Thus, future crops will be facing drought episodes
in a high [CO2] and high temperature environment (The Core Writing
Team IPCC, 2021, 2015).

High temperature and drought have been reported to negatively
affect conventional crops as wheat (Triticum aestivum). In fact, in a re-
view paper by Farooq et al., (2009) it was discussed how drought
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assimilation and damages of PSII when maintained for long periods. In
contrast, under high temperature stomatal aperture and transpiration
rates are initially stimulated as a short-term adaptive response to miti-
gate leaf overheating (Mathur et al., 2014). However, over the long-term
stomata are also closed due to the increased water demand, causing
limitations in the net photosynthetic [CO3] assimilation (Mathur et al.,
2014; Prasad et al., 2008). Consequently, high temperature and drought
cause an overproduction of reactive oxygen species (ROS), damaging
even more the photosynthetic apparatus and provoking an impairment
of photochemical reactions (Huang et al., 2001; Reddy et al., 2004). In
addition, high temperature promotes photorespiration and respiration,
limiting the net photosynthetic [CO3] assimilation and carbon assimi-
lation in wheat (Dusenge et al., 2019; Ku and Edwards, 1977a, 1977b).
Consequently, high temperature and drought cause limitations in
growth, which result in yield losses in wheat (Mahrookashani et al.,

Received 26 February 2024; Received in revised form 22 March 2024; Accepted 25 March 2024

Available online 30 March 2024

0098-8472/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


http://www.co2.earth
mailto:xabier.simon@ehu.eus
www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2024.105756
https://doi.org/10.1016/j.envexpbot.2024.105756
https://doi.org/10.1016/j.envexpbot.2024.105756
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envexpbot.2024.105756&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

X.S. Martinez-Goni et al.

2017; Prasad et al., 2011).

On the contrary, high [CO] has been shown to alleviate the negative
impact of high temperature or drought in crops (Ainsworth and Long,
2021; Lee, 2011; Martinez-Goni et al., 2023b). This alleviating effect
could primarily be attributed to the increased availability of [COs],
which enhances carbon-fixation processes, increasing net [CO3] assim-
ilation and thus, stimulating biomass production (Dias de Oliveira et al.,
2015; Drake et al., 1997; Kimball, 2016). Additionally, high [CO»] alone
has been shown to decrease stomatal conductance (gs) and increase
transpiration regulation in wheat, leading to an enhanced water
use-efficiency (WUE) and improved water status (Li et al., 2019; O’Leary
et al., 2015; Wall et al., 2006). However, these responses are dependent
on stress severity. In fact, it has been reported that the combination of
high [CO,] with temperatures above 2 °C to ambient, increased biomass
and grain yield in two genotypes of wheat due to higher photosynthetic
rates and greater leaf area. However, temperatures higher than 2 °C to
ambient restricted the positive effects due to a less effective stomatal
responsiveness to high [CO2] in wheat (Dias de Oliveira et al., 2013).
Considering that drought also alters gs and instantaneous transpiration
(E), and therefore has the potential to change the established stomatal
response under high [CO;] and high temperature, the study of the
combined impact of these three environmental variables on wheat be-
comes of great concern.

Studies have shown that high [CO5] mitigates the detrimental effects
of the combination of high temperature and drought, although a general
mechanism cannot be concluded. Zinta et al. (2014) found that high
[CO.] alleviates the detrimental effects of high temperature and drought
in Arabidopsis thaliana by increasing the synthesis of antioxidant me-
tabolites as ascorbate (AsA). Nonetheless, in some grassland species the
mitigation was observed due to reduced rates of photorespiration, which
contributed to a decrease in oxidative damage (AbdElgawad et al.,
2015). In the same manner, high [CO5] has also been reported to pro-
mote photosynthesis and increase carbon assimilation in summer rape,
resulting in a better maintenance of growth under high temperature and
drought (Kaciene et al., 2019). Likewise, high [CO2] has also been re-
ported to induce reductions in gs and E in Brassica napus, resulting in an
enhancement in the water-use efficiency, contributing an improved
water status within the plant (Diksaityte et al., 2019). As it is demon-
strated, the underlying mechanisms are not fully understood, since not
all plant species demonstrate similar response under the triple interac-
tion (Nguyen et al., 2017). In this research, we delve deeper into wheat,
given its importance as staple food (Garg et al., 2021). When wheat is
grown under terminal drought, high [CO3] and temperatures 2 °C above
ambient, the negative effects of drought on biomass and yield are
reduced (Dias de Oliveira et al., 2013). Not only that, but the response
was variety-specific, with one variety exhibiting higher photosynthetic
rates while in the other the tillering capacity was higher (Dias de Oli-
veira et al., 2013). However, those studies did not consider other sig-
nificant mechanisms, such as root biomass and antioxidant capacity,
among others. Besides, when ambient temperature was increased in
more than 2 °C in a high [CO,] environment, gs and E were not
decreased, causing higher loss of water through transpiration that led to
a greater impact of drought and subsequent limitation in aboveground
biomass (Dias de Oliveira et al., 2013). Therefore, the extent to which
high [CO3] ameliorates the impact of high temperature in wheat is
dependent on the experienced stress level, and this effect may decrease
beyond the 2 °C increase threshold. Hence, the projected 3 °C rise in
global temperatures is expected to exceed the aforementioned
stress-threshold of wheat (Dias de Oliveira et al., 2013; The Core Writing
Team IPCC, 2021). As a result, it is reasonable to hypothesise that the
beneficial impact of high [CO2] could be even more reduced when it is
combined with both high temperatures and drought. Consequently,
conducting further research is crucial to develop a comprehensive un-
derstanding of how wheat responds to the complex interactions between
high [COz], high temperatures and drought.

Given the global reliance on the conventional crop wheat, its yield
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losses threatens the ability of millions to access sufficient food (Ains-
worth and Long, 2021; FAOSTAT, 2021). Therefore, there is an urgent
need to find alternative crops capable of withstanding future environ-
mental conditions. Alternative crops are those that are not commonly
grown around the world when compared with conventional crops, and
are cultivated with the goal of diversifying agricultural production
(Rodriguez et al., 2020). Due to their ability to grow in harsh environ-
ments better than conventional crops, alternative crops have been
gaining much attention in the last years (Cheng, 2018). Buckwheat
(Fagopyrum esculentum) is an underutilized Cs pseudo-cereal which has
demonstrated superior resilience compared to wheat when exposed to
drought. Specifically, while the net photosynthetic [CO;] assimilation
(A) of wheat was already limited under mild drought conditions,
buckwheat exhibited greater leaf transpiration regulation, preservation
A, improved WUE and withstanding growth over compared wheat when
exposed to extreme drought (Martinez-Goni et al., 2023a). While pre-
vious research have explored the individual responses of buckwheat to
drought and high temperature (Aubert et al., 2021, 2020; Cawoy et al.,
2006; Martinez-Goni et al., 2023a), its capacity to withstand their
combined effect under future [CO3] levels remains unexplored. Thus, to
test the suitability of buckwheat as an alternative crop to wheat for the
future, we have characterised the response of the conventional crop
wheat and the alternative crop buckwheat to the simultaneous interac-
tion of the future climatic stresses, including the combination of high
[CO2l, high temperature and drought. We hypothesise that 1) the
improved regulation of leaf transpiration observed in buckwheat under
water-demanding conditions will persist when exposed to high [CO3]
and a 3 °C increase, thereby exhibiting a positive response, 2) when
subjected to the combination of high [CO2], high temperature and
drought, wheat will be more severely damaged than under the combi-
nation of high [CO;] and high temperature and 3) buckwheat will
exhibit enhanced resilience under the combination of high [CO>], high
temperature and drought. As far as we know, this is the first time that a
research reports the interplay among water relations, photosynthetic
parameters, antioxidant metabolism and growth related parameters of
buckwheat to the combination of two and three stresses of the future
climate change conditions.

2. Materials and methods
2.1. Plant material and growth conditions

Seeds of Tritium aestivum var. Florence Aurora (wheat) and Fag-
opyrum esculentum var. Kora (buckwheat) were acquired from the Bas-
que Institute for Agricultural Research and Development (NEIKER,
Basque Country, Spain). Plants were sown in 3 L pots filled with a
mixture of perlite:vermiculite (3:1 v/v). Two plants per pot were grown,
and the experiment was designed to ensure a minimum of 10 plants per
species and treatment.

Plants were grown in a Conviron PGR15 (Conviron, North Dakota,
USA) growth chamber under two controlled environments: 400 ppm
[CO2] and 24/18 °C for day/night (ambient [CO3] and temperature,
ACT), and 700 ppm [CO>] and 27/21 °C for day/night (future [CO-] and
temperature, ECT). The photoperiod was maintained at 16 hours and
400 photosynthetically active radiation (PAR), with humidity levels at
60/80% for day/night. Pots were watered (well-water treatment, W) to
field capacity (FC) three times a week using a complete Hoagland so-
lution (Hoagland and Arnon, 1938), and rotated to prevent
intra-chamber environmental gradients. 14 days after sowing (DAS),
half of the plants were subjected to drought by withholding water until
the substrate reached 20% =+ 5 FC, which was maintained for 1-week
(drought treatment, D). Therefore, four treatments were applied:
ambient well-watered conditions (ACTW), ambient drought conditions
(ACTD), future well-watered conditions (ECTW) and future drought
conditions (ECTD).

All the in vivo measurements and plant material harvesting was
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performed at the end of the drought treatments, which were: under
ACTD, on average after 37 DAS and 29 DAS for wheat and buckwheat,
respectively; and under ECTD, on average after 39 DAS and 27 DAS for
wheat and buckwheat, respectively. It was ensured that for every pot
harvested under D, there was one harvested under W. At the time of
harvesting, wheat plants were ending the booting stage, whereas
buckwheat plants were at flowering.

2.2. Soil and water parameters

Soil and plant water parameters were analysed as described in
Martinez-Goni et al. (2023a). Briefly, cumulative transpiration (CuTr) of
all the pots per treatment was determined by weighing pots three times
per week before and after watering and subtracting water loss by sub-
strate evaporation. The water loss by substrate evaporation was
measured using 3 pots filled with substrate without plants, and had
average values of 107 g day !, 48 g day !, 146 g day ! and 54 g day*
under ACTW, ACTD, ECTW and ECTD, respectively. Soil relative water
content (SRWC) was calculated as follows: SRWC = 100 [(SFW - SDW) /
(SFWi - SDW)], where SFW is the substrate fresh-weight, SDW is the
substrate dry-weight and SFWi is the initial substrate fresh-weight,
respectively.

Leaf water potential (¥,,) was measured six hours after dawn using
the Scholander pressure-equilibration technique (Scholander et al.,
1965). However, due to its high ¥,, value, ¥,, in buckwheat could not be
quantified by the pressure chamber method (Delpérée et al., 2003;
Martinez-Goni et al., 2023a). The leaf osmotic potential (¥,) was
determined by analysing the freezing point of the sap of leaf segments
using an OSMOMAT 030 cryoscopic osmometer (Gonotec GMBH, Berlin,
Germany) and calculated as ¥, = M x T x R, where M is the concen-
tration (osmol), T is the temperature of the sample (298 K) and R is the
molar gas constant (0.00832 L. MPa K~ ! mol™). Pressure potential (¥p)
was calculated as the difference between ¥,, and ¥,. The osmotic po-
tential at full turgor (‘I’éoo) was determined similarly to ¥,. This was
done by cutting leaves per species and treatment, and soaking them in
deionized water at 4 °C in darkness for 24 h.

Leaf relative water content (LRWC) was calculated by LRWC =100 x
(FW - DW)/(TW - FW), with FW representing the leaf fresh-weight, DW
representing the leaf dry-weight and TW representing the turgid weight.
Dehydration (DH) was determined as the difference between ¥, and
‘I’},OO. Osmotic adjustment (OA) was calculated as the difference in the
Y’},oo between D and the W. Cell wall elasticity (¢) was calculated as ¢ =
(#3% - ¥,)/(100 - LRWC) x 100.

2.3. Gas exchange and photochemical parameters

Gas exchange parameters were measured in fully developed leaves
using a Li-Cor 6400 instrument (Li-Cor Inc., Lincoln, NE, USA). Each
plant was measured after reaching steady-state conditions, which typi-
cally occurred at 7 min. This allowed sufficient time for the stomatal
conductance (gs) to stabilize and ensured consistency in the data
collection. Airflow in the chamber was 250 umol s71. In wheat, mea-
surements were taken on the leaf preceding the Flag Leaf, while in
buckwheat, a fully developed intermediate leaf was used for the mea-
surement. The temperature of the cuvette was kept at 24 °C for ACT and
27 °C for ECT, with a relative humidity of 60%. Measurements were
made three hours after dawn under a photosynthetic photon flux density
(PPFD) of 400 umol m~2 s~ provided by a red/blue LED light source
with a 10% blue light (model Li 6400-40, Li-Cor Inc.). Average VPD
values were 1.58 kPa and 1.68 kPa under ACT and ECT, respectively. gs,
net photosynthetic [CO2] assimilation (A) and instantaneous transpira-
tion (E) were calculated according to von Caemmerer and Farquhar
(1981).

The quantum yield of PSII (®pg) was determined using an integrated
leaf fluorescence chamber (Li-6400-40, Li-Cor Inc.), and was calculated
as ®pgyp = (Fm’ — Fs)/Fm’, where Fs represents the variable fluorescence
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at steady state and Fm’ the maximum light-adapted fluorescence
(Schindler and Lichtenthaler, 1996). Electron transport rate (ETR )
was calculated as ETR = ®pg;; X PPFD x 0.85 x 0.5, where PPFD refers
to the photosynthetic photon flux density. The ratio of electron transport
rate to net photosynthetic [CO5] assimilation (ETR/A) was calculated as
the ratio between ETR  and A.

2.4. Antioxidant parameters

Superoxide dismutase (SOD), catalase (CAT), glutathione reductase
(GR) and ascorbate peroxidase (APX) were determined as described by
Pérez-Lopez et al. (2009), with little modifications.

Shortly explained, SOD, CAT and GR were extracted from the sam-
ples using a buffer composed by 50 mM Tris-HCI (pH 7.8), 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 0.2% Triton X-100, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF) and 2 mM dithiotreitol. The su-
pernatant of the samples was filtered through Shepadex G-25 columns
equilibrated with 50 mM Tris-HCI (pH 7.8), 0.1 mM EDTA and 0.2%
Triton X-100. CAT was measured at 240 nm as per the method described
by (Aebi, 1984), GR activity was measured at 340 nm according to
Edwards et al. (1990), and the activity of SOD was measured at 550 nm
as described by McCord and Fridovich (1969). APX was extracted in a
buffer of 50 mM KH,PO4 and K;HPO4 (pH 7.8), containing 0.1 mM
EDTA, 0.2% Triton X-100, 5 mM cysteine, 2 mM ascorbate (AsA) and
0.1 mM PMSF. APX activity was measured at 290 nm according to
Hossain and Asada (1984). All enzyme activities were expressed on a
protein basis, which was measured using the Bradford method (1976).

Total Glutathione (GSH + GSSG) and Total Ascorbate (AsA + DHA)
were measured as described by Pérez-Lopez et al. (2010) with modifi-
cations. Briefly, extraction from the samples was done using an extrac-
tion buffer composed of 3% HCl and 1 mM EDTA. Total Glutathione
supernatant was neutralized using a mixture of 1 M succinate, 0.5 M
potassium hydroxide (KOH) and 250 mM Tris buffer (pH 7) containing
6.3 mM EDTA and 0.32 mM NADPH. For the Total Glutathione mea-
surement, 6 mM 5,5-ditiobis (2-nitrobenzoic) acid (DTNB) and
2.1 U ml™! GR were added, as explained by Griffith (1980). Total
Glutathione was measured at 412 nm. Reduced ascorbate (AsA) was
quantified by adding 100 U ml~! ascorbate oxidase and measuring the
reduction in absorbance at 265 nm. Oxidized ascorbate (dehy-
droascorbate, DHA) was determined by adding 300 mM dithiotreitol and
measuring the increase in absorbance at 265 nm.

2.5. Growth parameters

For each treatment, specific plants of every plant species were har-
vested and divided into leaves, stems, and roots. Plant organs were oven-
dried for 72 h to determine their dry-weight (DW), and water use effi-
ciency (WUE) was calculated by dividing the Total DW by the CuTr of
each specific plant. The sum of Leaf DW and Stem DW (Shoot) was
divided by Root DW to determine Shoot/Root ratio. Leaf area (LA)
measurements were made as explained in Martinez-Goni et al. (2023a).
Briefly explained, photos of the harvested fresh leaves were used to
calculate LA with the open-source software Fiji (Fiji Is Just ImageJ;
Schindelin et al., 2012).

Relative growth rate (RGR) was calculated as RGR = In(DW,/DW;)/
(t2 - t;) where DW; and DW, refer to the total DW of the plant at times t;
and ty, respectively, and t; and t; refer to 14 DAS (start of D) and the
harvesting DAS. Leaf area ratio (LAR) was calculated as LAR = (A2 - A1)/
(DW, — DW7) x In(DW,/DW;)/In(A2/A7) where A; and A, refer to the
leaf area (LA) at t; and tp, respectively. Net assimilation rate (NAR) was
determined as NAR = (DW,; — DW;)/(Az — A7) x In(As/A7)/ (t2 — t7).
Specific leaf area (SLA) was calculated as SLA = (A2 — A7)/(LDW; —
LDW7) x In(LDW,/LDW;)/In(A2/A1), where LDW; and LDW, refer to
the Leaf DW at times t; and ty. Leaf weight ratio (LWR) was determined
as LWR = (LDW, — LDW;)/(DW, — DW;) x In(DW,/DW3;)/In(LDW5/
LDWY).
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2.6. Stomatal parameters

Leaf imprints from both the adaxial and abaxial surfaces were
created as described by (Casado-Garcia et al., 2020). Three photos of the
adaxial (AD) and three photos of the abaxial (AB) surfaces per species
and treatment were taken using a Nikon ECLIPSE 50i fluorescence mi-
croscope (Nikon corporation, Japan) and a Leica DFC 420 C camera
(Leica Microsystems, Germany).

Stomatal measurements were taken with the LabelStoma tool
(Casado-Garcia et al., 2020), or were derived from data generated in the
LabelStoma tool. In brief, stomatal density (SD), length (L) and width
(W) were determined by LabelStoma. Stomatal distribution (R) was
calculated as R = SDap/(SDap + SDap). Stomatal size (S) for each surface
was defined as S =L x W.

2.7. Statistical analysis

All figures of were made using GraphPad Prism software version
8.2.1 (GraphPad Software, San Diego, CA USA, www.graphpad.com).
The statistical analysis was performed using SPSS software version
28.0.1.1 for Windows (IBM Corp, Armonk, NY USA). Our experimental
unit was each individual plant. Two-way ANOVA was used to determine
the effect of environmental treatment (ACT and ECT), water treatment
(W and D) and their interaction in each species (Table 1). Duncan’s

Table 1

Two-way ANOVA for water treatment (W), environmental treatment (CO2*T)
and their interaction for all the analysed variables in wheat and buckwheat.
Results are represented as ns (non-significant), * (P < 0.05), ** (P < 0.01), *** (P
< 0.001) and **** (P < 0.0001).

Wheat Buckwheat
w CO2*T W x w COx*T W x
CO*T CO*T
v, - ns _
¥, ns ns ns ns ns
¥p ns ns ns - -
LRWC ns ns el ns
DH ok ns ns ns
CuTr * ns ns ns
SDap ns ns ns ns *
SDap * ns * Fedededk ns
Total SD * ns ns ns
SaB ns ns ns ns
SAD * ns ns etk dekdk
R ns ns ns ns
gs wx ns * ns
E bl ns * ns
A ns Kk F*dekk *k
Dpsiy ok ns
ETR/A * ns ns kel ns
APX activity wxEE - ng ns i i i
SOD activity Hrk ns ns ns * ns
CAT activity ns ns ns ns ns ns
GR activity ns el * o s ns
Total ns ok ns ns ns ns
Glutathione

AsA ns ns ns ns ns *
DHA ns * ns * ns ns
Total Ascorbate ns ns ns ns ns ns
LeafDW Hkkk * ns kkek ns ns
Stem DW ket i ns ok ns ns
Root DW * ns * * ns
Total DW * ns wkx ns
LA o * ns
Shoot/Root ns ns ns
RGR ok ns ns
NAR ns ek ns ns
LAR ok ns ns ns
SLA ns ns ns ns
LWR e ns ns ns
WUE ns i ns ns
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multiple range test was used to compare the means, and P < 0.05 values
were considered to be statistically significant. Outliers for each param-
eter were identified using Grubbs’s test. Levene’s test was used to assess
the homogeneity of variance, while Kolmogorov-Smirnov test was used
to evaluate the normality of data distribution. In cases where normality
was not met, data transformation was performed prior to ANOVA
testing.

3. Results
3.1. Water parameters

In wheat, ¥, was affected by the water and environmental treat-
ments, while ¥, was only affected by the water treatment and ¥, was
not affected by any treatment (Table 1 and Table 2). Specifically, ¥,, was
significantly reduced by 68% when exposed to ACTD and ECTW, while
ECTD decreased ¥,, by 114% compared to ACTW (Table 2). ¥,, how-
ever, was only affected by ECTD, as it was significantly decreased from
an average value of —1.82 MPa to —2.32 MPa (Table 2). Similarly, ¢ was
only decreased under ECTD, were it reached values 47% lower than
under ACTW. As previously explained, ¥,, of buckwheat could not be
measured (see Materials and Methods). Thus, ¥y, ¥, and ¢ could not be
calculated for this species. As opposed to wheat, in buckwheat, ¥,
remained unchanged regardless of the treatment (Table 1 and Table 2).

Wheat had significantly higher LRWC values in comparison to
buckwheat for all the treatments, especially under ECT (Tables 1 and 2).
Intriguingly, we found no variation in LRWC values for wheat. Unlike
LRWC, DH levels in wheat progressively increased from nearly 0 under
ACTW to 0.249, 0.315 and 0.815 under ACTD, ECTW and ECTD,
respectively (Table 2). Furthermore, OA was higher in wheat under ECT
compared to ACT. In buckwheat, however, DH and OA levels remained
nearly constant across all treatments.

Overall, we found CuTr in wheat to be affected by both treatments,
while in buckwheat it was only affected by water treatment (Fig. 1 and
Table 1). When exposed to ACTD, CuTr was significantly decreased in
both species. Also, while in wheat ECTW alone significantly decreased
CuTr, in buckwheat ECTW values were similar to those observed for
ACTW.

On average, wheat and buckwheat reached 20% SRWC at 37 DAS
and 29 DAS under ACTD and 39 DAS and 27 DAS under ECTD,
respectively (Fig. 2).

3.2. Stomata data

When analysing SD, we found the lower Total SD values of wheat to
be influenced by the water treatment (Fig. 3 and Table 1). Upon expo-
sure to ACTD, Total SD was increased by 42% in wheat, primarily due to
the increase in SDjp. On the contrary, in buckwheat Total SD was
influenced by water treatment and by the interaction among treatments
(Table 1), and was significantly increased by 108%, 39% and 59% under
ACTD, ECTW and ECTD in comparison to Total SD under ACTW (Fig. 3).

Regardless of the treatment, S remained unchanged in wheat, while
buckwheat showed variations across treatments (Table 1 and Table 3).
In fact, the stomatal size in buckwheat was decreased by 33%, 14% and
21% upon exposure to ACTD, ECTW and ECTD, respectively (Table 3). R
had consistent values across treatments, with wheat showing steady
values close to 0.50 and buckwheat close to 0.28 (Tables 1 and 3).

3.3. Gas exchange parameters

Overall, gs and E were influenced by the water and the environ-
mental treatment in both species, but not by their interaction (Fig. 4A-B
and Table 1). Also, wheat showed higher gs and E regardless of the
treatment. Under exposure to ACTD, ECTW and ECTD gs and E values of
wheat were approximately 56%, 26% and 69% lower than under ACTW,
respectively (Fig. 4A-B). In buckwheat, gs and E were 60% lower under
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Table 2
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Effect of ambient well-water (ACTW), ambient drought (ACTD), future well-water (ECTW) and future drought (ECTD) treatments in wheat and buckwheat for water
potential (¥,,), osmotic potential (¥,), pressure potential (¥p), cell wall elasticity (¢), leaf relative water content (LRWC), dehydration (DH) and osmotic adjustment
(OA). For each species and treatment mean =+ S.E. of at least 8 replicates is showed. Different letters are used to represent values significantly different between

treatments in each species (P < 0.05).

Species Treatment ¥, (MPa) ¥, (MPa) ¥, (MPa) e (MPa) LRWC (%) DH (MPa) OA (MPa)
Wheat ACTW -0.651 + 0.062% -1.751 + 0.053% 1.120 + 0.17 10.133 92.78 +1.11* -0.081 + 0.064¢ -0.0775
ACTD -1.098 + 0.076" -1.992 + 0.074% 0.894 + 0.108" 10.559 91.95 £ 1.23% 0.249 + 0.083"
ECTW -1.086 + 0.085" -1.700 + 0.086% 0.913 £ 0.154° 9.263 91.68 £+ 0.77% 0.315 + 0.102° 0.165
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Fig. 1. Effect of ambient well-water (ACTW), ambient drought (ACTD), future
well-water (ECTW) and future drought (ECTD) treatments in wheat and buck-
wheat in cumulative transpiration (CuTr). The applied treatments are repre-
sented as ACTW (light green bars), ACTD (dark green bars), ECTW (light red
bars) and ECTD (dark red bars). Each bar represents mean + standard error (S.
E.) of at least 7 replicates. Different letters are used to represent values
significantly different between treatments in each species (P < 0.05).
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Fig. 2. Effect of ACTD and ECTD treatments in soil relative water content
(SRWC) over time in wheat and buckwheat. Solid lines represent ACTD treat-
ments, while dashed lines represent ECTD treatments. Blue circles and green
triangles are used to represent results for wheat and buckwheat, respectively.
Black line is used to represent control treatment (ACTW and ECTW). Each point
represents the mean + S.E. of 9 replicates. Treatments are explained in Fig. 1.
DAS means days after sowing.

ECT in comparison to ACT (Fig. 4A-B). Interestingly, gs and E values
were not affected by D treatments in buckwheat, as ACTD and ECTD
values were statistically similar to those observed for ACTW and ECTW
(Fig. 4A-B).

Fig. 3. Effect of ACTW, ACTD, ECTW and ECTD treatments in the stomatal
density (SD) of wheat and buckwheat. Green and red colour palettes are used to
represent ACT and ECT treatments, respectively. Within these palettes, varia-
tions in colour intensity denote specific aspects: pale shades represent adaxial
stomata for ACTW and ECTW, while light intensities represent abaxial stomata
for ACTW and ECTW. On the other hand, vivid intensities represent adaxial
stomata for ACTD and ECTD, while dark intensities represent abaxial stomata
for ACTD and ECTD. Each bar represents mean + S.E. of at least 6 replicates.
Treatments and statistical analysis are explained in Fig. 1.

Table 3

Effect of ACTW, ACTD, ECTW and ECTD in stomatal size (S) for adaxial (Sap)
and abaxial (Syp) surfaces and stomatal distribution (R). For each species and
treatment mean + S.E. of at least 4 replicates is showed. Different letters are
used to represent values significantly different between treatments in each
species (P < 0.05).

Species Treatment  Syp(um ) Sap(um~2) R

Wheat ACTW 6.130 + 0.300? 5.427 + 0.162° 0.467 + 0.035"
ACTD 5.084 + 0.155% 4.768 + 0.126 0.554 + 0.026
ECTW 5.833 + 0.403° 5.742 + 0.422° 0.549 + 0.018°
ECTD 5.363 + 0.382% 5.332 + 0.381° 0.57 4+ 0.0222

Buckwheat ACTW 2.315 + 0.077° 1.794 + 0.081% 0.294 + 0.018°
ACTD 1.438 + 0.063¢ 1.315 4 0.085°¢ 0.297 + 0.023°
ECTW 1.978 + 0.063" 1.587 + 0.039° 0.262 + 0.014°
ECTD 1.799 + 0.092° 1.466 + 0.048™ 0.265 + 0.014*

Although wheat exhibited higher levels of A under ACT conditions
compared to buckwheat, A values in wheat under ACTD were signifi-
cantly lower compared to ACTW (Fig. 4 C). In contrast, A in buckwheat
was not influenced by ACTD (Fig. 4 C). Furthermore, while ECTW had
no impact on A in wheat and ECTD significantly decreased it by 53%
compared to ACTW (Fig. 4 C), buckwheat showed a remarkable
response of A under ECT treatments (Fig. 4 C and Table 1). As a matter of
fact, A was 57% higher under ECTW in buckwheat in comparison to
ACTW, and even though under ECTD it was decreased, it remained 25%
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Fig. 4. Effect of ACTW, ACTD, ECTW and ECTD treatments in wheat and buckwheat in A) stomatal conductance (gs), B) transpiration rate (E), C) net photosynthetic
[CO,] assimilation (A), D) quantum yield of PSII (@pgy) and E) the ratio of electron transport rate to net CO, photosynthetic assimilation (ETR/A). Each bar rep-
resents mean + S.E. of at least 15 replicates. Treatments and statistical analysis are explained in Fig. 1.

higher than under ACT treatments (Fig. 4 C).

Both wheat and buckwheat showed steady values of ®pgy at 0.515
across almost all treatments (Fig. 4D and Table 1). However, under
ECTD, ®psy; of wheat was 35% lower than under ACT, while in buck-
wheat @pg;; under ECTW it was 16% higher than under ACT (Fig. 4D).

ETR/A in wheat was primarily influenced by the water treatment,
whereas in buckwheat the environmental treatment was the affecting
treatment (Fig. 4E and Table 1). Under ACTW, wheat showed an ETR/A
value of 4.98, which was increased by 28% when subjected to ACTD
(Fig. 4E). Under ECTW, it was decreased by 16%, while it reached
similar values to those under ACTD when it was exposed to ECTD
(Fig. 4E). Conversely, in buckwheat ETR/A had a value of 7.54 under
ACTW, which remained similar under ACTD and was 31% and 19%

lower under ECTW and ECTD in compared to ACTW (Fig. 4E).

3.4. Antioxidant parameters

In regard to the antioxidant enzymes, we found SOD activity to be
affected by water treatment in wheat and the environment in buckwheat
(Fig. 5 A and Table 1). Upon exposure to ACTD and ECTD, SOD activity
was increased in wheat by 60% and 114% compared to ACTW (Fig. 5 A).
In contrast, we found almost no variation in SOD activity on buckwheat.
Similarly, APX activity was influenced by water treatment in wheat, and
by both treatments and their interaction in buckwheat (Fig. 5B and
Table 1). When exposed to ACTD and ECTD, APX activity was increased
in wheat by 65% and 38% compared to ACTW (Fig. 5B). However, in
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Fig. 5. Effect of ACTW, ACTD, ECTW and ECTD treatments in wheat and buckwheat in A) SOD activity, B) APX activity, C) CAT activity, D) GR activity, E) Total
Glutathione and F) Total Ascorbate. Each bar represents mean + S.E. of at least 4 replicates. Treatments and statistical analysis are explained in Fig. 1.

buckwheat we found an increase of 38% under ACTD relative to ACTW,
but no effect ECTD (Fig. 5B). In contrast, CAT activity did not vary
irrespective of the treatment and species (Fig. 5 C and Table 1). Con-
cerning GR activity, it was affected by the environmental treatment and
the interaction among treatments in wheat, whereas in buckwheat it was
affected by the water and the environmental treatments (Fig. 5D and
Table 1). Upon exposure to ACTD, GR activity was significantly increased
in wheat by 35% in comparison to ACTW, while under ECT it remained
unchanged (Fig. 5D). In buckwheat, GR activity was 43% higher under
ACTD compared to ACTW, and was significantly decreased by 42%
under both ECT treatments (Fig. 5D).

Regarding antioxidant metabolites, Total Glutathione and Total
Ascorbate were almost unchanged regardless of the treatment and the
species (Fig. 5E-F and Table 1). In fact, we only found a significant in-
crease of 33% in Total Glutathione in wheat under ECTW compared to
ACTW (Fig. 5E), and an increase of AsA by 61% in buckwheat under
ACTD in comparison to ACTW (Fig. 5 F).

3.5. Growth parameters

With respect to biomass accumulation, DW in wheat was affected by
both treatments, while in buckwheat the water treatment was the main
treatment that had an influence (Fig. 6A-D and Table 1). On the one
hand, under ACTW, wheat exhibited a growth of 1.62 g and 2 g for Leaf
DW and Stem DW, while these values were decreased by 73% and 67%
upon exposure to ACTD (Fig. 6A-B). Buckwheat, on the other hand,
showed Leaf DW and Stem DW growth of 2.31 g and 4.03 g under ACTW.
While we found the growth for Leaf DW and Stem DW under ECTW and
ECTD in wheat to be approximately 33% and 77% lower than under
their corresponding ACT treatments, in buckwheat the growth of these
organs was similar for the same comparison (Fig. 6A-B). Contrary to
what occurred with aerial organs, Root DW was higher in wheat under
ACT treatments than in buckwheat (Fig. 6 C). In spite of the aforemen-
tioned, when subjected to ECT treatments Root DW in wheat was
decreased by 47% compared to ACTW, while in buckwheat it showed
almost no variation (Fig. 6 C). Overall, wheat showed a Total DW of
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Fig. 6. Effect of ACTW, ACTD, ECTW and ECTD treatments in wheat and buckwheat in A) leaf dry-weight (Leaf DW) B) stem dry-weight (Stem DW), C) root dry-
weight (Root DW), D) total dry-weight (Total DW), E) leaf area (LA) and F) Shoot/Root. Each bar represents mean + S.E. of at least 6 replicates. Treatments and

statistical analysis are explained in Fig. 1.

4.55g,1.66 g, 3.05 g and 1.23 g as opposed to the higher 6.73 g, 2.73 g,
7.38 g and 3.29 g in buckwheat under ACTW, ACTD, ECTW and ECTD,
respectively (Fig. 6D). Unsurprisingly, LA showed a similar trend to the
one observed in Leaf DW (Fig. 6E). As expected by the Leaf DW, Stem DW
and Root DW results, both species had significantly lower Shoot/Root
under drought compared to their respective well-watered treatments
(Fig. 6 F and Table 1).

We found both treatments to influence RGR in wheat, while in
buckwheat only water treatment had an effect (Fig. 7 A and Table 1).
Overall, the highest RGR value for wheat was 131 mg DW g~! DW
day_l, which was reached under ACTW (Fig. 7 A). In contrast, RGR
values for buckwheat were on average 208 mg DW g~ ! DW day ! for W
treatments and 168 mg DW g~! DW day ™! for D treatments (Fig. 7 A).

When examining NAR, we found that wheat showed higher values under
ACTW and ACTD in comparison to the corresponding ECT treatments,
while on buckwheat values remained unchanged (Fig. 7B). Similarly,
buckwheat had on average 24% and 100% higher values of NAR under
ACT and ECT, respectively. LAR was affected by the water treatment in
wheat, whereas in buckwheat both treatments had an influence (Fig. 7 C
and Table 1). In fact, while in wheat the decreases in LAR were only
observed under ACTD and ECTD, in buckwheat ECTW also decreased
LAR (Fig. 7 C). Thus, when examining NAR and LAR, it becomes
apparent that the RGR values were mainly driven by LAR in both species
(Fig. 7A-C and Table 1). The only exception occurred under ECTW,
where RGR appeared to be mainly driven by NAR in both, wheat and
buckwheat. In like manner, the identical trend of SLA shows that LAR
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Fig. 7. Effect of ACTW, ACTD, ECTW and ECTD treatments in wheat and buckwheat in A) relative growth rate (RGR), B) net assimilation rate (NAR), C) leaf area
ratio (LAR), D) specific leaf area (SLA), and E) leaf weight ratio (LWR). Each bar represents mean =+ S.E. of at least 6 replicates. Treatments and statistical analysis are

explained in Fig. 1.

was predominantly influenced by SLA in buckwheat, while it was mainly
influenced by LWR in wheat (Fig. 7D-E and Table 1).

In both species WUE was influenced by the environmental treatment
but not by the water treatment (Fig. 8 and Table 1). As a matter of fact, in
wheat, WUE was only significantly increased from 3.60 g DW kg ™! H,0
under ACTW to 5.05 g DW kg’1 H,0 under ECTW (Fig. 8). Conversely,
in buckwheat WUE showed significant increases under both, ECTW and
ECTD, reaching values of approximately 6.40 g DW kg~ H,0 compared
to the 4.97 g DW kg~! H,0 under ACTW (Fig. 8).

4. Discussion

The increasing environmental [CO2] levels are expected to cause

higher global temperatures and more frequent drought episodes,
generating an unfavourable environment for the growth of conventional
crops (The Core Writing Team [PCC, 2021, 2015). In addition, food
dependency to a small number of crops as wheat has put food security at
risk as yields are expected to decline in the future (Ainsworth and Long,
2021; Li et al., 2021). In this context, buckwheat is presented as an
alternative crop with the potential to cope with future climatic stresses
and reduce food dependency while ensuring food supply (Martinez-Goni
etal., 2023a). Therefore, this research aims to characterise the growth of
both wheat and buckwheat under four different environmental condi-
tions, including: ambient [CO;] and temperature (ACT) under
well-watered (ACTW) or drought (ACTD) conditions, and high [CO3]
and temperature (ECT) under well-watered (ECTW) or drought (ECTD)
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buckwheat in water-use efficiency (WUE). Each bar represents mean =+ S.E. of
at least 6 replicates. Treatments and statistical analysis are explained in Fig. 1.

conditions.

The ability to efficiently supply water within the plant when its
availability is limited is crucial to ensure plant survival under drought.
When drought is prolonged in time, plants decrease ¥, in order to
ensure water supply inside their organs (Martinez-Vilalta and
Garcia-Forner, 2017). This decrease may be driven by an active (osmotic
adjustment) or passive (dehydration) increase of the osmolytes inside
the cells, and the consequent decrease in ¥, (Fang and Xiong, 2015;
Morgan, 1984). In our research, ¥,, in wheat was passively decreased
under ambient drought, as shown by the increases in DH (Table 2).
Interestingly, we found high [CO5] and high temperature to cause wheat
to have similar water requirements as the ones observed under ambient
drought. This was further confirmed by the equal increase in the DH
level of wheat under ACTD and ECTW. Thus, a 3 °C rise in ambient
temperature under high [CO;] was sufficient to cause a dehydration
level in wheat similar to that under ambient drought. This was likely
attributed to the increase in leaf temperature resulting from the reduc-
tion in gs and E (Fig. 4A-B), which created an environment that promotes
more rapid dehydration (Li et al., 2019). Upon exposure to future
drought, the water requirements of wheat were extremely increased, as
observed by the remarkable increase of DH and decrease of ¥,,. Conse-
quently, the greater passive decrease of ¥, was not sufficient to main-
tain water supply, as wheat relied on active mechanisms to ensure water
uptake. In fact, wheat combined OA with increases in the cell wall
elasticity, not only to promote water intake, but to maintain cell turgor
(Miranda-Apodaca et al., 2018; Sanders and Arndt, 2012). All things
considered, the activation of both passive and active mechanisms
allowed wheat to preserve water inside the newer leaves as well as
maintaining cell turgor, as shown by the steady LRWC and ¥, values
across treatments. While these mechanisms were sufficient to maintain
¥, under future drought, there was a simultaneous synergistic increase
in DH, resulting in other damages that will be discussed later. Regarding
buckwheat, we found that it exhibited similar LRWC and DH values
under well-watered conditions and the corresponding drought treat-
ments, highlighting the ability of buckwheat to preserve water inside the
leaves despite the water scarcity. Unlike wheat, buckwheat showed no
signs of dehydration across the treatments. This suggests that drought,
applied alone or in combination with high temperature and high [CO2]
failed to induce a detrimental impact on buckwheat.

Improved water management in crops is typically linked to the
ability to restrict transpiration when exposed to water scarcity, thereby
avoiding water losses (Burridge et al., 2022). Ambient drought caused
CuTr to significantly decrease in both, wheat and buckwheat (Fig. 1).
However, despite both species were capable of controlling their CuTr
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when subjected to ambient drought, buckwheat managed to have a
stricter regulation than wheat, as observed by the higher decreases in
CuTr, explaining the better response of buckwheat compared to wheat.
Buckwheat has been reported to be a drought-avoiding and water-saving
species, with the ability to induce stomatal closure and decrease tran-
spiration when drought is imposed (Aubert et al., 2021; Martinez-Goni
et al., 2023a). In our results, ambient drought caused an extreme
reduction in the stomatal conductance and transpiration in wheat, while
in buckwheat they remained unchanged. This was not unexpected, given
that the lower gs and E values of buckwheat under ambient conditions
enabled it to effectively preserve water without requiring to induce
stomatal closure when subjected to water stress. In the same manner,
high temperature and high [CO5] have been reported to induce stomatal
closure, leading to decreases in transpiration (Lahr et al., 2015; Shimono
et al., 2010). Upon exposure to high temperature and high [COs], both
species decreased their gs and E, even though in buckwheat the decrease
was higher. This stricter regulation of stomata could explain the better
water status in buckwheat and the increase in DH in wheat. Neverthe-
less, despite the major water-demanding environment generated by high
[CO2] and high temperature, buckwheat remained unaffected, rein-
forcing the previously discussed absence of stress on buckwheat in this
environment. On the contrary, wheat reduced its CuTr even when water
availability was not a problem, showing the susceptibility of wheat to
the combination of high [CO] and high temperature.

Under future drought, CuTr was decreased to similar values to those
under ambient drought condition in both species. In the same manner,
future drought caused gs and E in wheat to reach similar values to those
observed under ambient drought. On the contrary, in buckwheat, gs and
E remained unchanged under future drought compared to future control
conditions. Therefore, it appears that the constitutive reduced gs and E
under high [CO;] and high temperature allowed buckwheat to effec-
tively conserve water even when future drought was imposed. Inter-
estingly, even though buckwheat showed lower values of gs and E
compared to wheat under both future conditions, our results may sug-
gest that those lower values did not have an influence on CuTr. This
apparent lack of correlation can be attributed to two potential factors.
On the one hand, buckwheat had higher LA under high [CO;] and high
temperature when drought treatment was imposed (16.95 cm? in wheat
and 27.50 cm? in buckwheat), which may have induced a greater
transpiration in the early stages of the drought treatment. On the other
hand, it is important to consider that the gs and E are measured at a
specific point in time, whereas CuTr is based on a cumulative mea-
surement over time. A plausible explanation is that the stomata of
buckwheat plants gradually closed as the plants grew and the water
stress progressed, resulting in a lower gs and E when they were
measured. Conducting further research studying the early stomatal
response to drought under high [CO5] and high temperature conditions
would provide valuable insights into this matter. Despite everything, the
lower gs and E values observed in buckwheat allowed it to better regu-
late its CuTr when water scarcity was increased over time.

Moreover, the ability to better regulate water exchange capacity has
been found to be correlated to stomatal distribution and morphology in
plant leaves (Li et al., 2020; Richardson et al., 2017; Wall et al., 2022).
When comparing the two species, buckwheat had higher SD, with
especially higher proportion of SDap (Fig. 3). In contrast, wheat
demonstrated a comparable proportion of stomata between the adaxial
and abaxial surfaces. These results are not unexpected, since wheat is an
amphistomatous species (R = 0.50), with a slightly higher proportion of
SDap (Lu, 1989), while buckwheat has more hypostomatous character-
istics (R = 0.28 in our results) (Martinez-Goni et al., 2023a). Under
ambient drought conditions, wheat showed an increase in SDap
compared to ambient well-watered conditions, while buckwheat
showed a remarkable increases in both, SDap and SDg. Likewise, SDap
and SDyp exhibited significant increases in buckwheat under future
conditions, especially under future drought. Increasing SD in response to
more water-demanding environments might appear as a
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counterproductive mechanism in buckwheat, as an increase in stomata
could potentially lead to higher transpiration rates and, consequently,
greater water loss. Nonetheless, it is essential to consider stomatal size as
another critical factor (Table 3). In fact, we found buckwheat to have
smaller stomata regardless of the treatment. SD typically exhibits a
negatively correlation with S during drought conditions, as SD tends to
increase while S tends to decrease (Li et al., 2020). This is attributed to
the fact that high densities of smaller stomata, as the ones observed in
buckwheat, respond faster to water deficit, allowing an improved
water-use efficiency and optimized long-term carbon gain (De Boer
et al., 2012; Franks and Farquhar, 2007; Wall et al., 2023). Therefore, it
becomes evident that buckwheat, in response to decreasing water
availability, prioritizes the preservation of water resources over gas
exchange capacity to ensure carbon gain in the long-term. Conversely,
while wheat attempts a similar strategy, it is incapable of achieving a
similar outcome.

All these variations in stomatal regulation directly affected the net
photosynthetic [CO»] assimilation rate, as well as the optimal status of
the photosynthetic machinery (Tcherkez and Limami, 2019). As previ-
ously discussed, exposure to water scarcity induces stomatal closure as a
short-term strategy to avoid water loss (Wall et al., 2006), but over
prolonged periods could ultimately restrict photosynthesis (Silim et al.,
2009). In our research, the decreases in gs and E in wheat under ambient
drought caused A to significantly decrease (Fig. 4A-C), however ®dpgy
remained unaltered (Fig. 4D). As a consequence, ETR/A was increased
(Fig. 4E), suggesting a disequilibrium in the NADP'/NADPH recycling
process (Halliwell and Gutteridge, 2015). As a result, the generation of
the superoxide radical in the electron transport chain of the chloroplast
increases, intensifying the risk of oxidative damage. Therefore, wheat
upregulated SOD activity and APX activity as defence mechanisms to
mitigate the overproduction of ROS (Fig. 5A-B) (Halliwell and Gutter-
idge, 2015). On the contrary, the absence of effect on gs and E in
buckwheat allowed it to preserve its A regardless of the drought. Like-
wise, the sustained ETR/A suggests a more balanced NADP'/NADPH
recycling process and a lack of oxidative damage. However, we found
APX activity to be increased in buckwheat. This upregulation could be
attributed to the rise in AsA (Fig. 5 F), since promoting the production of
antioxidant metabolites is more energy-efficient than increasing enzyme
levels. Thus, buckwheat could be increasing AsA as a preventive
mechanism for the forthcoming oxidative damage, leading to increases
in APX activity. Future studies analysing the response of the antioxidant
metabolism of buckwheat to drought could provide valuable insights
into this matter.

Regarding high [CO5] and high temperature, despite the reported
decreases in gs, we found no significant effect on A in wheat compared to
ambient conditions. Typically, high [CO3] tends to increase A (Ains-
worth and Long, 2021), so this apparent lack of effect is most likely
attributed to the 3 °C temperature increase, which could be preventing
high [CO,] from effectively enhancing A. This would not be particularly
surprising given that it has previously been reported 2 °C above ambient
temperature to be the stress-threshold at which the mitigating effect of
high [CO,] is lost (Dias de Oliveira et al., 2013). Conversely, buckwheat
exhibited improved A under the combination of high [CO2] and high
temperature, along with an enhanced ®pg; and decreased ETR/A
(Fig. 4D-F). These results suggest that buckwheat will have the capacity
to optimize its photosynthetic efficiency under the projected future
conditions. Nevertheless, other dicotyledonous species, such as soybean,
exhibited contrasting photosynthetic responses under high CO5 and high
temperature. In fact, while some researchers reported an increase in A,
others found no effect or even a decrease (Ruiz-Vera et al., 2013; Tho-
mey et al., 2019; Vu et al., 1997). This suggests that the positive effects
reported on the photosynthesis of buckwheat under high CO, and high
temperature might be variety-specific rather than species-specific.
Therefore, further studies analysing the response of different buck-
wheat varieties could provide a more comprehensive understanding of
this species response to the future climatic conditions.
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When subjected to future drought, the decrease in A in wheat was
even more substantial to the one observed under ambient drought. In
addition, ®pg in wheat was decreased, indicating signs of down-
regulation or structural alteration (Foyer et al., 2017). Likewise, the
consistent reduction in A and ETR  could account for the similar
reduction of ETR/A in wheat across different drought treatments.
Consequently, even though the stress level in wheat under future
drought was higher than under ambient drought, the oxidative damage
and consequent upregulation of SOD and APX were similar to those
observed under ambient drought. On the contrary, as occurred under
future control conditions, buckwheat managed to increase A even when
exposed to future drought. Contrary to what we found in wheat, the
increase in A in buckwheat under the combination of the three envi-
ronmental variables could be attributed to the fact that the 3 °C tem-
perature increase is not sufficient to diminish the beneficial effect of
high [CO3] on A. Besides, buckwheat exhibited no down-regulation of
®pgyr and lower ETR/A under future drought treatment. Thus, these re-
sults are consistent with the results discussed earlier for higher SD of
smaller S in buckwheat.

Regarding growth, we found the growth of all organs in wheat to be
significantly inhibited under ambient drought (Fig. 6A-D). Interestingly,
although A was similar to that observed under ambient conditions, high
temperature and high [CO5] were capable of significantly inhibiting the
growth of wheat. This could be attributed to increases in respiration
promoted by high temperature, as it is expected that temperature effects
will dominate when high [CO,] and high temperature are combined
(Dusenge et al., 2019; Yu et al., 2012). This response in total wheat
growth under ECTW was consistent with the results discussed earlier,
indicating that wheat exhibited a stress level that was not completely
mitigated by high [CO2] when temperature was increased by 3 °C. Upon
exposure to future drought, total growth of wheat was decreased
reaching similar values to those under ambient drought. These results
align with previous research by Dias de Oliveira et al. (2013), who re-
ported that the aboveground biomass of wheat under high [CO,] levels
in temperatures exceeding 2 °C was negatively affected, especially when
it was also exposed to drought. Furthermore, alongside the decrease in
aboveground biomass, we also found a reduction in Root DW. Thus, the
ability to absorb water from the soil in wheat was decreased, indicating
the requirement for a compensatory decrease in ¥,,, as evidenced by the
reported results. Therefore, the longer preservation of SRWC in wheat
under ECTD could also be caused by its lack of ability to maintain
adequate water uptake compared to ACTD. On the contrary, even
though the growth in buckwheat was also inhibited by the ambient
drought treatment, it remained significantly higher than in wheat.
Moreover, buckwheat managed to preserve a similar growth to that
observed under ambient conditions for both future conditions. Finding
no variation in Total DW in buckwheat under ECT when compared to
ACT was unexpected, since the higher A values for these treatments
made us believe that the biomass accumulation would also be greater.
However, as occurred in wheat, the extra fixed carbon in buckwheat
under future conditions could have also been consumed via elevated
respiration rates (Dusenge et al., 2019; Yu et al., 2012). Thus, even
though buckwheat had a higher A, the increased levels of respiration
may be inhibiting an increased Total DW outcome.

In the same manner, the discrepancy in Total DW among species
could also be explained by different growth patterns when compared to
the ambient conditions (Poorter, 1993). We found that the reported
impact of ambient drought treatment in RGR was primarily explained by
a decrease in LAR in wheat, with no variations in NAR (Fig. 7A-C). This
reduction in LAR was primarily explained by a reduction in the alloca-
tion of resources to the leaves (LWR). These results are in agreement
with those reported by Simane et al. (1993), who also found RGR to be
mainly determined by LAR and its components in durum wheat (Triticum
turgidum) when exposed to drought, with little or no influence of NAR.
Under future control conditions, the decrease in NAR in wheat caused
RGR to reach similar values to those under ambient drought, as LAR
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remained unaffected. This was attributed to the decreased A of wheat
under high [CO;] and high temperature, which suggests a limited ability
of wheat to acclimate to this environment (Atkin et al., 2006). When
subjected to future drought, RGR exhibited a more pronounced decrease
in wheat, with LAR and NAR being both contributors to this decrease.
This is not unexpected considering the fact that, in addition to the LA
decreases, we also found strong gs and A reductions, as well as a dpgyy
down-regulation. In contrast, as occurred in wheat, RGR was also
decreased under ambient drought conditions in buckwheat. Neverthe-
less, even though in buckwheat this decrease was also explained by LAR,
as opposed to wheat, the produced leaf area per leaf biomass (SLA) was
identified to be the main limiting force and not LWR. Decreases in SLA,
such as those observed in buckwheat, have been reported to provide
greater plasticity to cope with environmental stresses, including drought
(Krintza et al., 2024). Similarly, as opposed to ambient conditions, under
future conditions RGR was determined by both, NAR and LAR. Overall,
and irrespective of the treatment, buckwheat showed higher RGR
compared to wheat, indicating that buckwheat exhibited superior
growth, plasticity and biomass accumulation capabilities under similar
conditions.

As a whole, our results show that the higher Total DW in buckwheat
compared to wheat was mainly determined by variations in RGR.
Moreover, the observed variations in RGR, together with the increases in
respiration (Dusenge et al., 2019; Yu et al., 2012), would explain the
reported decreases in Total DW in wheat under ECTW when A remained
similar to that reported under ACTW. In addition, several parameters on
gas exchange, antioxidant metabolism and whole growth in wheat
suggested a worse performance compared to buckwheat, not just under
ambient drought conditions, but also under future climatic conditions.
Our results complement previous observations, where it was reported
that wheat was negatively affected by increases in temperature above 2
°C despite high [CO5] (Dias de Oliveira et al., 2013). Likewise, we also
found future drought to severely harm wheat, resulting in damages to its
photosynthetic apparatus and significant limitations in growth. Buck-
wheat, on the contrary, showed an enhanced water status and use of
water resources, which allowed it to withstand future drought. As a
matter of fact, the higher WUE of buckwheat under ambient conditions
was increased more than in wheat under the high [CO.] and high
temperature (Fig. 8). High WUE is a particularly important trait in
plants, as indicates an improved use of water resources that allow them
to grow consuming less water and could ensure survival when crops are
exposed to drought stress (Blankenagel et al., 2018; Condon et al., 2004;
Rockstrom et al., 2007). It is important to note that although the present
study has primarily examined the vegetative stage response of wheat
and buckwheat, based projections for crop growth and yield under high
temperatures and/or drought, as well as our own results, we believe that
future climatic conditions might have a significant impact on the yield of
wheat (Fahad et al., 2017; Zahra et al., 2021). In fact, Li et al. (2019)
found that yield-related traits in wheat, such as spike number and
thousand grain weight, were significantly decreased as a consequence of
the combination of high temperature and drought, regardless of the
atmospheric [CO2] levels. On the contrary, our research provides evi-
dence on how the inherent capacity of buckwheat to use water resources
more efficiently will be further enhanced under future climatic condi-
tions. Therefore, we expect the impact on buckwheat yields to be less
severe than in wheat. It is worth mentioning that, although some studies
have analysed the individual effect of drought or high temperature on
the reproductive stage of buckwheat (Aubert et al., 2021, 2020; Cawoy
et al., 2006), analysing the combined impact of the three environmental
variables of the future was beyond the scope of our current research.
Thus, future studies should aim to examine the combined impact of high
[CO2l, high temperature and drought on the reproductive stage of
buckwheat. Hence, our results confirm our main hypotheses, since
wheat was severely damaged under the triple interaction compared to
when exposed to the combination of high [CO,] and high temperature
(confirmation of hypothesis 2). In the same manner, buckwheat was
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capable of preserving its improved regulation of leaf transpiration and
enhanced its photosynthetic activity under high [CO;] and high tem-
perature, and exhibited resilience when exposed to future drought
(confirmation of hypotheses 1 and 3).
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