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Abstract: Predicted increases in the atmospheric CO2 concentration and the earth’s mean surface
temperature will be accompanied by a higher incidence of drought events. These environmental
changes are likely to adversely affect crop productivity and quality, including wheat, an essential
food in the human diet. We investigated the primary C-N metabolism response to drought stress at
the whole-plant level and its dependence on plant development in bread wheat grown under com-
bined elevated CO2 and temperature. With this aim, the content of carbohydrates, nitrate, proteins
and amino acids, together with the biomass were assessed in flag leaves and roots of wheat grown
in controlled environment chambers at both ear emergence and anthesis stages. Multifactorial anal-
ysis revealed that the organ was the main factor explaining data variation. The physiological and
biochemical traits in the flag leaves were more affected by drought than growth stage, leading to an
accumulation of soluble carbohydrates, nitrate and amino acids. By contrast, roots were affected by
the developmental stages but not by the treatment. The root content of fructose, glucose, starch and
amino acids was higher at ear emergence than anthesis, whereas the accumulation of sucrose, fruc-
tans, proteins and nitrate increased at the latest growth stage. This study provides new insights into
the reprograming of primary metabolism at whole plant level throughout the development in re-
sponse to the future climate scenario, which could help to select traits ensuring sustainable food
production systems that strengthen capacity for adaptation to climate change following the Sustain-
able Development Goals of 2030 Agenda.
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1. Introduction

Bread wheat (Triticum aestivum L.) is the third largest crop in the world, feeding more
than 4.5 billion people worldwide [1]. The necessity for increasing food supply by about
70% by 2050 [2], together with the detrimental effects of climate change on global crop
production and quality, reveals that more efforts to improve wheat performance under
sustainable conditions are required to ensure food security. The atmospheric COz concen-
trations are expected to rise to 1000 ppm by the end of this century and the Earth’s mean
surface temperature is also expected to rise by 2.6 and 4.8 °C. These environmental
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changes may lead to an increase in the frequency of other climate events such as irregular
rainfalls and drought, which may spell serious threats to crop yield, including wheat [3-
7].

Drought stress has an important impact on wheat performance throughout its differ-
ent developmental stages, being the reproductive growth stage the most sensitive [8-10].
Morpho-physiological and biochemical changes in leaves and roots provide protection
against drought stress, decreasing water losses [11-13]. One of the physiological responses
include the stomata closure to avoid water loss through transpiration, which seems to be
related to either hydraulic or chemical signals mediated by the abscisic acid, but may also
lead to a limitation in carbon fixation and nutrient absorption by the roots [14-17]. At
biochemical level, the osmotic adjustment counters the effect of water deficit by accumu-
lating different osmolytes such as carbohydrates or amino acids [18,19]. Nevertheless, el-
evated CO2 may mitigate the inhibition of photosynthesis under drought stress improving
water use efficiency because a synergistic effect of both factors on stomatal closure [20].
These responses reveal that the regulation of primary metabolism is crucial for drought
stress tolerance in higher plants [21]. Thus, the aim of this work was to assess the physio-
logical and biochemical changes in the flag leaves and roots of wheat plants subjected to
drought stress under simultaneous increases in atmospheric CO:z and temperature in in-
teraction with its developmental stages, including ear emergence and anthesis. The results
of our study will help to select traits ensuring sustainable food production systems that
strengthen the capacity for the adaptation to future climate change.

2. Methods
2.1. Plant Material and Growing Conditions

Seeds of bread wheat (Triticum aestivum L. var. Gazul), a high-yielding variety in Cas-
tilla y Leon, were sown in 2-L pots containing a mixture of perlite:vermiculite (3:1, v/v)
and grown in controlled environmental growth chambers (3.6 m length x 4.8 m width x
2.4 m height) under combined elevated CO2 (900 ppm) and temperature (4 °C above cur-
rent temperatures of Salamanca region, 26 °C). The daily cycle was 16/8 h light/dark, with
a light intensity of 400 pmol m=2 s and relative humidity of 40%/60% day/night. At the
beginning of the experiment, the maximum soil volumetric water content of each pot was
evaluated as the difference between pot weight after watering with the excess water
drained (field capacity) and the pot dry weight. Pots with two seeds per pot were irrigated
from the seed germination until the tillering stage. After that, the water deficit was im-
posed and one half of the plants was maintained under well-watered conditions until the
end of the experiment, whereas the other half was subjected to water deficit conditions
(65% of field capacity). Plants were watered with a nutrient solution twice per week and
with water once per week to avoid excessive salt accumulation. The nutrient solution con-
tained NOs™ and it was supplied to a concentration of 10 mM provided by 6 mM KNOs
and 2 mM Ca(NOs)2, while the other macro- and micronutrients were supplied as de-
scribed by Vicente et al. [22].

2.2. Sampling Procedure

Plant material was harvested at ear emergence (Zadoks stage 59) and anthesis (Za-
doks stage 65), respectively [23]. Flag leaves of the main shoots and roots were harvested
3—4 h after the onset of the photoperiod. Each leaf was cut and immediately plunged into
liquid N2 under illumination. The roots were separated from the aerial part of the plant
and they were collected after washing with water to remove substrate residues and nutri-
ent solution, blotted dry on tissue paper, and quickly immersed in liquid N2. The samples
were stored at —80 °C until use for analyses. The experiments included a total of four rep-
licates for each treatment and developmental growth stage.
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2.3. C-N Metabolites Quantification

Frozen leaf and root plant material was used for ethanol/water extraction for carbo-
hydrate determination according to Morcuende et al. [24]. Glucose, fructose, sucrose and
fructans were measured in the ethanol/water extracts with a spectrophotometric assay
coupled to NADP* reduction as described by Morcuende et al. [24], while the starch con-
tent was measured in the insoluble residue. Total amino acids content was also deter-
mined in the ethanol/water extracts by the ninhydrin colorimetric method, as well as NOs-
and protein contents following the methods described by Vicente et al. [25].

2.4. Determination of Biomass Parameters

At the ear emergence stage, plants were harvested to determine the fresh (FW) and
dry matter (DW) accumulation. The aerial part of the plants was separated from the roots.
The dry weight of each of the parts separated from the plants was recorded after drying
in an oven at 60 °C for 48 h. Humidity (H) and leaf dry matter content (LDMC) were
estimated as H = (FW-DW)/FW and LDMC = DW/FW, respectively.

2.5. Statistical Analyses

Descriptive analyses and graphs of variables and individuals from multifactorial
analyses were carried out as described by Marcos-Barbero et al. [26].

3. Results and Discussion

Bread wheat (Triticum aestivum L.) is one of the most widely grown staple crop in the
world threatened by the future climate change conditions. The impact of these conditions
on wheat varies across the world, so specific adaptation strategies need to be studied in
order to increase crop adaptation to the global climate change [27]. Furthermore, wheat
growth and productivity under drought conditions needs an in-depth study of the phys-
iological and biochemical mechanisms involved in the response to the conditions antici-
pated by global climate change at the end of this century and its dependence on develop-
ment at the whole plant level. In this work, wheat plants were subjected to drought stress
under combined elevated atmospheric CO2 and temperature and flag leaves and roots
were harvested at ear emergence and anthesis. Multifactorial analysis revealed that the
organ was the main factor explaining data variation, whereas the developmental stage
and drought treatment induced lower effects on the studied parameters (Figure 1A). In
addition, the correlation circle showed that the C and N metabolites affected more the flag
leaves, while the roots were more affected by fresh and dry weights and humidity (Figure
1B,C). In accordance with these results, Kumar et al. [21] reported that sugars and amino
acids increased significantly in the aerial organs of different crops under drought stress.
In addition, greater growth reduction was observed in shoots than in roots of barley plants
subjected to drought [28].

When the flag leaves and root organs were studied separately, the results reflected
that the physiological and biochemical traits in the flag leaves were more affected by
drought than by the developmental growth stage, leading to an accumulation of soluble
carbohydrates, nitrate and amino acids (Figure 2A-C). These findings are in accordance
with those reported by Guo et al. [29], suggesting that sugars, organic acids and amino
acids played a pivotal role to enhance drought tolerance of the aerial part of the plant.
Furthermore, enhanced accumulation of water soluble carbohydrates (glucose, fructose,
sucrose and fructans) was found in drought tolerant wheat genotypes [30,31], whereas a
reduction in sucrose, fructose, mannose and tagatose seems to be associated with sensitive
genotypes under water deficit stress [32]. This fact suggests that sugars may function as
compatible solutes contributing to cell osmoregulation and the maintenance of foliar wa-
ter content, providing a solvation shell around proteins, stabilizing subcellular structures
and protecting membrane integrity [32-34]. In addition, amino acids content was also in-
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creased in wheat plants grown under water deficit conditions, in which proline, trypto-
phan, leucine, isoleucine and valine were notably accumulated in leaf tissues [32], protect-
ing cellular structures during dehydration and contributing to redox balance [35]. The
increase in NOs™ in leaves could be explained by the inability of plants to reduce nitrate,
being used as an osmolyte getting a better response to drought stress [36]. By contrast,
roots were mainly affected by the developmental stages, but not by the treatment (Figure
2D). The root content of fructose, glucose, starch and amino acids was higher at the ear
emergence than at the anthesis, whereas the accumulation of sucrose, fructans, proteins
and nitrate increased at the latest growth stage (Figure 2E,F). The increase in glucose and
amino acids enhanced the capacity to reduce and transport nitrate to other organs [37]. At
anthesis, the increase in nitrate levels could be related to a limitation of nitrate reduction
with the evolution of plant development [38]. Moreover, the increase in sucrose levels has
been previously reported by Shao et al. [39].
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Figure 1. Multifactorial analyses for the C and N metabolites (C-met and N-met) and biomass pa-
rameters evaluated in the flag leaves and roots (L; R) of wheat plants subjected to different water
regimes (d: drought; w: water) under elevated COz and high temperature at different developmental
stages (E: ear emergence; A: anthesis). The considered factors were organ, treatment and stage. The
statistical analyses included groups representation (A), individual factor map (B) and correlation
circle (C).
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Figure 2. Multifactorial analyses for the primary C and N metabolites (C-met: glucose, fructose,
sucrose and starch; N-met: nitrate, amino acids and proteins) and biomass parameters (DW, FW,
LDMC and H) evaluated in the flag leaves and roots of wheat plants subjected to different water
regimes (D: drought; W: water) under elevated CO2 and high temperature at different developmen-
tal stages (EEm: ear emergence; Ant: anthesis). The statistical analyses for each wheat organ in-
cluded groups representation (A,D), correlation circle (B,E) and MFA (CF).

4. Conclusions

The comparative analyses of the physiological and biochemical traits in the flag
leaves and roots of wheat plants under concurrent drought stress, elevated CO:z and high
temperature showed that leaves were more affected by the drought treatment than by the
growth stage, leading to an accumulation of soluble carbohydrates, nitrate and amino ac-
ids, whereas roots were more affected by the developmental stages accumulating more
fructose, glucose, starch and amino acids at the ear emergence than at the anthesis,
whereas the accumulation of sucrose, fructans, proteins and nitrate increased at the latest
growth stage. Thus, this study provides new evidence of the shift of primary C-N metab-
olism at whole plant level at ear emergence and anthesis developmental stages in response
to the predicted elevated CO: and temperatures, and more lasting drought events. This
could help us to select specific traits that are useful for wheat breeding programs to ensure
food production systems with more resilient wheat varieties to climate change conditions
following the Sustainable Development Goals of 2030 Agenda.

Author Contributions: ].B.A. and R.M. conceived and designed the experiment. N.B.-R., A.LG.-H.,
E.L.M.-B,, JM.-A,, ].B.A. and R M. carried out the experiments and performed the measurements of
the different assays. N.B.-R., A.LLG.-H. and E.L.M.-B. carried out the statistical data analyses. O.B
and I.G.-F. contributed to the experimental work. N.B.-R. and A.I.G.-H. wrote the proceeding. ].B.A.
and R.M. revised the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was supported by the Spanish National R&D&I Plan (Project PID2019-
107154RB-100; AGL2016-79589-R) and the Regional Government of Castilla y Leon (CSI260P20). The
Project “CLU—2019—05—IRNASA/CSIC Unit of Excellence” funded by Junta de Castilla y Le6n
and co-financed by the European Union (ERDF “Europe drives our growth”) is also acknowledged.
Ms. N. Bueno-Ramos and Mr. E. L. Marcos-Barbero are the recipients of a pre-doctoral contract from
the Junta de Castilla y Ledn (E-37-2020-0042432 and E-37-2017-0066125, respectively); Dr. A.L. Gon-
zdalez-Hernandez holds a JCyL postdoctoral contract funded by the project CSI260P20, Ms. O. Ben-
dou holds an Algerian Government fellowship; Mr. I. Gutiérrez-Fernandez holds a contract funded
by the project CLU-2019-05.

Institutional Review Board Statement:



Chem. Proc. 2022, 4, x FOR PEER REVIEW 60f 7

Informed Consent Statement:
Data Availability Statement:

Acknowledgments: We would like to thank A. Verdejo and M.A. Boyero for plant growth and sam-
ple preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Asseng, S.; Foster, I; Turner, N.C. The impact of temperature variability on wheat yields. Glob. Chang. Biol. 2011, 17, 997-1012.

2. FAO. How to feed the world in 2050. High-Level Experts Forum 2009, 35.

3.  Porter, ].R.; Semenov, M.A. Crop responses to climatic variation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2005, 360, 2021-2035.

4. Weisheimer, A.; Palmer, T.N. Changing frequency of occurrence of extreme seasonal temperatures under global warming. Ge-
ophys. Res. Lett. 2005, 32, L20721.

5. Semenov, M.A,; Shewry, P.R. Modelling predicts that heat stress, not drought, will increase vulnerability of wheat in Europe.
Sci. Rep. 2011, 1, 66.

6. Lobell, B.D.; Sibley, A.; Ortiz-Monasterio, ].I. Extreme heat effects on wheat senescence in India. Nat. Clim. Chang. 2012, 2, 186~
189.

7.  Asseng, S.; Ewert, F.; Martre, P.; Rotter, R.P.; Lobell, D.B.; Cammarano, D.; Kimball, B.A.; Ottman, M.J.; Wall, G.W.; White, ] W.;
et al. Rising temperatures reduce global wheat production. Nat. Clim. Chang. 2015, 5, 143-147.

8.  Barnabas, B.; Jager, K.; Fehér, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ.
2008, 31, 11-38.

9.  Farooq, M.; Hussain, M.; Siddique, K.H.M. Drought stress in wheat during flowering and grain-filling periods. CRC Crit. Rev.
Plant Sci. 2014, 33, 331-349.

10. Senapati, N.; Stratonovitch, P.; Paul, M.].; Semenov, M.A. Drought tolerance during reproductive development is important for
increasing wheat yield potential under climate change in Europe. J. Exp. Bot. 2019, 70, 2549-2560.

11. Izanloo, A.; Condon, A.G.; Langridge, P.; Tester, M.; Schnurbusch, T. Different mechanisms of adaptation to cyclic water stress
in two South Australian bread wheat cultivars. |. Exp. Bot. 2008, 59, 3327-3346.

12. Comas, L.H.; Becker, S.R.; Cruz, V.M,; Byrne, P.F.; Dierig, D.A. Root traits contributing to plant productivity under drought.
Front. Plant Sci. 2013, 4, 442.

13. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sabia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop
production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147.

14. Steudle, E. Water uptake by roots: Effects of water deficit. J. Exp. Bot. 2000, 51, 1531-1542.

15. Rizhsky, L.; Liang, H.; Mittler, R. The combined effect of drought stress and heat shock on gene expression in tobacco. Plant
Physiol. 2002, 130, 1143-1151.

16. Mahajan, S.; Tuteja, N. Cold, salinity and drought stresses: An overview. Arch. Biochem. Biophys. 2005, 444, 139-158.

17. Monneveux, P.; Rekika, D.; Acevedo, E.; Merah, O. Effect of drought on leaf gas exchange, carbon isotope discrimination, tran-
spiration efficiency and productivity in field grown durum wheat genotypes. Plant Sci. 2006, 170, 867-872.

18. Slama, I.; Abdelly, C.; Bouchereau, A.; Flower, T.; Savouré, A. Diversity, distribution and roles of osmoprotective compounds
accumulated in halophytes under abiotic stress. Ann. Bot. 2015, 115, 433-447.

19. Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of phenylpropanoid pathway and the role
of polyphenols in plants under abiotic stress. Molecules 2019, 24, 2452.

20. Medina, S.; Vicente, R.; Amador, A.; Araus. ].L. Interactive effects of elevated [CO:z] and water stress on physiological traits and
gene expression during vegetative growth in four durum wheat genotypes. Front. Plant Sci. 2007, 7, 1738.

21. Kumar, M.; Kumar-Patel, M.; Kumar, N.; Bajpai, A.B.; Siddique, KH.M. Metabolomics and molecular approaches reveal
drought stress tolerance in plants. Int. . Mol. Sci. 2021, 22, 9108.

22. Vicente, R.; Pérez, P.; Martinez-Carrasco, R.; Usadel, B.; Kostadinova, S.; Morcuende, R. Quantitative RT-PCR platform to meas-
ure transcript levels of C and N metabolism-related genes in durum wheat: Transcript profiles in elevated [CO2] and high
temperature at different levels of n supply. Plant Cell Physiol. 2015, 56, 1556-1573.

23. Zadoks, ].C.; Chang, T.; Konzak, C.F. A decimal code for the growth stages of cereals. Weed Res. 1974, 14, 415-421.

24. Morcuende, R.; Kostadinova, S.; Pérez, P.; Martin del Molino, . M.; Martinez-Carrasco, R. Nitrate is a negative signal for fructan
synthesis, and the fructosyltransferase-inducing trehalose inhibits nitrogen and carbon assimilation in excised barley leaves.
New Phytol. 2004, 161, 749-759.

25. Vicente, R.; Pérez, P.; Martinez-Carrasco, R.; Feil, R.; Lunn, J.E.; Watanabe, M.; Arrivault, S.; Stitt, M.; Hoefgen, R.; Morcuende,
R. Metabolic and transcriptional analysis of durum wheat responses to elevated CO: at low and high nitrate supply. Plant Cell
Physiol. 2016, 57, 2133-2146.

26. Marcos-Barbero, E.L.; Pérez, P.; Martinez-Carrasco, R.; Arellano, J.B.; Morcuende, R. Screening for higher grain yield and bio-

mass among sixty bread wheat genotypes grown under elevated CO2 and high-temperature conditions. Plants 2021, 10, 1596. .



Chem. Proc. 2022, 4, x FOR PEER REVIEW 7 of 7

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

Noleto Luz Pequeno, D.; Hernandez-Ochoa, .M.; Reynolds, M.; Sonder, K.; Molero-Milan, A.; Robertson, R.; Lopes, M.S.; Xiong,
W.; Kropff, M.; Asseng, S.; et al. Climate impact and adaptation to heat and drought stress of regional and global wheat pro-
duction. Environ. Res. Lett. 2021, 16, 054070.

Boudiar, R.; Casas, A.M.; Gioia, T.; Fiorani, F.; Nagel, K.A.; Igartua, E. Effects of low water availability on root placement and
shoot development in landraces and modern barley cultivars. Agronomy 2020, 10, 134.

Guo, R;; Shi, L.; Jiao, Y.; Li, M.; Zhong, X.; Gu, F.; Liu, Q.; Xia, X; Li, H. Metabolic responses to drought stress in the tissues of
drought-tolerant and drought-sensitive wheat genotype seedlings. AoB Plants 2018, 10, ply016.

Goggin, D.E.; Setter, T.L. Fructosyltransferase activity and fructan accumulation during development in wheat exposed to ter-
minal drought. Funct. Plant Biol. 2004, 31, 11-21.

Wardlaw, LF.; Willenbrink, J. Mobilization of fructan reserves and changes in enzyme activities in wheat stems correlate with
water stress during kernel filling. New Phytol. 2000, 148, 413-422.

Bowne, J.B.; Erwin, T.A.; Juttner, J.; Schnurbusch, T.; Langridge, P.; Bacic, A.; Roessner, U. Drought responses of leaf tissues
from wheat cultivars of differing drought tolerance at the metabolite level. Mol. Plant 2012, 5, 418-429.

Hoekstra, F.A.; Golovina, E.A.; Buitink, J. Mechanisms of plant desiccation tolerance. Trends Plant Sci. 2001, 6, 431-438.

Anjum, S.A.; Xie, X.Y.; Wang, L.C.; Saleem, M.F.; Man, C., Lei, W. Morphological, physiological and biochemical responses of
plants to drought stress. Afr. |. Agric. Res. 2011, 6, 2026-2032.

Michaletti, A.; Naghavi, M.R.; Toorchi, M.; Zolla, L.; Rinalducci, S. Metabolomics and proteomics reveal drought-stress re-
sponses of leaf tissues from spring-wheat. Sci. Rep. 2018, 8, 5710.

Miranda-Apodaca, J.; Agirresarobe, A.; Martinez-Goni, X.S.; Yoldi-Achalandabaso, A.; Pérez-Ldépez, U. N metabolism perfor-
mance in Chenopodium quinoa subjected to drought or salt stress conditions. Plant Physiol. Biochem. 2020, 155, 725-734.

Oaks, A.; Hirel, B. Nitrogen metabolism in roots. Annu. Rev. Plant Physiol. 1985, 36, 345-365.

Barillot, R.; Chambon, C.; Andrieu, B. CN-Wheat, a functional - structural model of carbon and nitrogen metabolism in wheat
culms after anthesis. II. Model evaluation. Ann. Bot. 2016, 118, 1015-1031.

Shao, K.; Bai, Z.; Li, M.; Yu, C; Shao, J.; Sun, Y.; Li, G.; Zhang, S.; Wang, R. Sucrose metabolism enzymes affect sucrose content
rather than root weight in sugar beet (Beta vulgaris) at different growth stages. Sugar Tech. 2020, 22, 504-517.



