
Plant Science 311 (2021) 111015

Available online 5 August 2021
0168-9452/© 2021 Elsevier B.V. All rights reserved.

Adjustments in photosynthesis and leaf water relations are related to 
changes in cell wall composition in Hordeum vulgare and Triticum aestivum 
subjected to water deficit stress 

Margalida Roig-Oliver a,*, Mateu Fullana-Pericàs a, Josefina Bota a, Jaume Flexas a,b 
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A B S T R A C T   

In the current climate change scenario, understanding crops’ physiological performance under water shortage is 
crucial to overcome drought periods. Although the implication of leaf water relations maintaining leaf turgor and 
stomatal functioning under water deprivation has been suggested, the relationships between photosynthesis and 
osmotic and elastic adjustments remain misunderstood. Similarly, only few studies in dicotyledonous analysed 
how changes in cell wall composition affected photosynthesis and leaf water relations under drought. To induce 
modifications in photosynthesis, leaf water relations and cell wall composition, Hordeum vulgare and Triticum 
aestivum were subjected to different water regimes: control (CL, full irrigation), moderate and severe water 
deficit stress (Mod WS and Sev WS, respectively). Water shortage decreased photosynthesis mainly due to sto
matal conductance (gs) declines, being accompanied by reduced osmotic potential at full turgor (πo) and 
increased bulk modulus of elasticity (ε). Whereas both species enhanced pectins when intensifying water 
deprivation, species-dependent adjustments occurred for cellulose and hemicelluloses. From these results, we 
showed that πo and ε influenced photosynthesis, particularly, gs. Furthermore, the (Cellulose+Hemicelluloses)/ 
Pectins ratio determined ε and mesophyll conductance (gm) in grasses, presenting the lowest pectins content 
within angiosperms. Thus, we highlight the relevance of cell wall composition regulating grasses physiology 
during drought acclimation.   

1. Introduction 

Wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) are two 
of the most important grass crops worldwide, whose cultivars have been 
traditionally selected to enhance their production while increasing their 
drought tolerance [1–3]. In fact, water deprivation is one of the most 
relevant abiotic conditions limiting crops production in a climate change 
scenario, which is characterized by large variations in rainfalls amount, 
frequency, and duration [4–6]. Thus, one of the major challenges of 

plant physiology is to improve crops yield identifying those traits that 
can contribute to improve their drought tolerance [7–9]. Since photo
synthesis is a crucial process influencing plants growth and productivity, 
it is important to understand how distinct levels of water deficit stress 
impose a limitation to photosynthesis performance [10–13]. Therefore, 
it has been described that severe water deficit stress imposition leads to 
important biochemical limitations to photosynthesis [11,14], whereas 
moderate levels of water shortage induce diffusional limitations [11, 
13]. Specifically, reductions in net CO2 assimilation (AN) are caused by 
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diminishing in both stomatal and mesophyll conductances (gs and gm, 
respectively) [10–14], promoting an enhancement of the intrinsic water 
use efficiency (WUEi) due to often larger declines in gs than in gm [15, 
16]. 

Photosynthesis performance may be related to leaf water relations 
under water deficit stress conditions [17]. Thus, pressure-volume (P–V) 
derived parameters –particularly, the water potential at turgor loss point 
(Ψtlp), the osmotic potential at full turgor (πo), the bulk modulus of 
elasticity (ε) and the leaf capacitance– have been linked with photo
synthesis across species [17–19]. Although modifications in both os
motic and elastic adjustments (i.e., changes in πo and ε) have been 
proposed as mechanisms to face water deficit stress, their relationship 
with photosynthetic adjustments is still poorly understood. Hence, 
whereas an osmotic adjustment consisting in πo reductions is a common 
response in those species submitted to water shortage [20–25], elastic 
adjustments could be species-specific and may involve different strate
gies [20,25–29]. Nevertheless, Sack et al. [30] and Niinemets [31] 
proposed that foliar traits –specifically, the leaf mass per area (LMA) and 
the leaf density (LD)– could determine ε. However, Moore et al. [32], 
Solecka et al. [33], Álvarez-Arenas et al. [34], Miranda-Apodaca et al. 
[35], Nadal et al. [18] and Roig-Oliver et al. [27,28] suggested that 
modifications in cell wall composition could be also important to 
regulate ε, but empirical evidences are for now restricted only to 
Roig-Oliver et al. [27]. 

The cell wall is a complex structure surrounding plant cells that is 
mainly composed of cellulose, hemicelluloses and pectins [36–40]. Of 
the previous, cellulose is the most abundant polysaccharide and con
forms a microfibril matrix that provides mechanical strength to the wall 
[37–40]. Within those closely packed cellulose microfibrils, 
non-cellulosic polysaccharides (hereafter “hemicelluloses”) are placed 
[36,37]. The resulting cellulose-hemicelluloses network is embedded in 
a pectin matrix containing cross-linking structural proteins [38,37–40], 
which is thought to be a relevant structure to maintain an appropriated 
cell wall hydric status, especially during water shortage [32,39,41,42]. 
Furthermore, changes in the amounts of pectins are also linked to 
photosynthesis –particularly, via gm adjustments– in Nicotiana sylvestris 
and to ε in Vitis vinifera subjected to contrasting abiotic stressors 
including water deprivation [27,43]. Nonetheless, the relationships 
between changes in photosynthesis and leaf water relations derived 
parameters with modifications in cell wall composition seem to be 
complex and, perhaps, species-specific. In this sense, different patterns 
to adjust cell wall composition, leaf water relations and photosynthesis 
were found in Ginkgo biloba and Helianthus annuus subjected to water 
deficit stress [28]. Moreover, gm was linked to lignins and cell wall 
bound phenolics in H. annuus submitted to contrasting water regimes, 
but instead no correlation between any cell wall compound and ε was 
observed [29]. 

To the best of our knowledge, studies focusing on the interactions 
between cell wall composition and changes in photosynthesis and leaf 
water relations parameters due to water deficit stress have been only 
performed in dicotyledonous species [27,29], with the exception of a 
dicotyledonous-gymnosperm comparison [28]. However, some of the 
most economically important crops worldwide are monocotyledonous 
and, particularly, grasses like maize, rice, sorghum, sugarcane, wheat, 
bamboo, oat, and barley [44,45]. In fact, monocotyledonous possess a 
specific cell wall composition within angiosperms as they may contain 
even larger proportions of cellulose and hemicelluloses –with changes in 
their cross-linking interactions as well as in the relative abundance of 
specific non-cellulosic polysaccharides–, but with a significant reduction 
of pectins [36,37,40,46–48]. Additionally, grasses represent a specific 
group within monocotyledonous from a cell wall compositional 
perspective because they also accumulate large quantities of 
mixed-linked glucans [36,37], which alterations were shown to affect gm 
in mutant rice genotypes [49]. Thus, we evaluated H. vulgare and 
T. aestivum subjected to distinct levels of water deficit stress to detect 
potential relationships between changes in cell wall composition and 

adjustments in photosynthesis and in leaf water relations derived pa
rameters, being gs, gm, πo and ε key traits. The main hypothesis of the 
present study is that cell wall composition rearrangement due to water 
deprivation is linked to modifications in both photosynthetic and leaf 
water related parameters, which may have important implications for 
understanding grass crops physiology and management in a climate 
change scenario. 

2. Materials and methods 

2.1. Plant material, growth conditions and treatments application 

T. aestivum and H. vulgare seeds were sown in 3 L pots containing a 
substrate mixture of peat and perlite (3:1, v/v) irrigated with distilled 
water to 100 % field capacity (FC), representing the soil moisture after 
the drainage of the water contained in macropores by the action of 
gravity. For each species, 15 individual replicates were sown. All plants 
were placed in a growth chamber at 25 ◦C and 65 % relative humidity, 
receiving 300 μmol m− 2 s− 1 photosynthetic photon flux density (PPFD) 
for 12 h followed by 12 h of darkness. Plants were monitored every two 
days weighing the pots to be watered with distilled water to 100 % FC by 
replacing evapo-transpired water, receiving Hoagland’s solution 50 % 
once a week. The irrigation was manually performed. Three weeks after 
the sowing, three different treatments were imposed: control (CL, full 
irrigation), moderate water deficit stress (Mod WS; 30 % soil water 
content) and severe water deficit stress (Sev WS; 15 % soil water con
tent). Five individual replicates per species were randomly subjected to 
each treatment. At this moment, the monitoring was daily performed to 
check in more detail the speed of water losses in those plants subjected 
to water deficit stress. The water supply in Mod WS and Sev WS treat
ments was stopped until reaching a specific soil water content (SWC), 
which was estimated as: 

SWC (%) =
(pot weight − minimum pot weight)

(maximum pot weight − minimum pot weight)
x 100 

The minimum pot weight was determined placing the pots’ substrate 
in an open-drying chamber at 70 ◦C for 4 days, when constant weight 
was reached. For each species and treatment, 4 pots were used. The 
maximum pot weight represented the weight of each pot when watered 
to 100 % FC. Finally, the pot weight corresponded to that which was 
daily monitored. In order to make sure that the drought treatments 
imposed similar adjustments in all replicates of the same species, light- 
saturated mid-morning stomatal conductance (gs) was also daily moni
tored to check its declines in comparison to each CL treatment.– 
Regardless of the species, plants belonging to Mod WS reached 30 % 
SWC and similar gs declines after 6 days of water shortage application. In 
the case of Sev WS, it took 9 days to achieve 15 % SWC and similar gs 
reductions. Thus, when a desired SWC was achieved, pots’ weight was 
noted down to be kept by adding evapo-transpired water. In all cases, 
treatments lasted three weeks. 

2.2. Plants water status and foliar structure 

At the end of the imposition of each treatment, measurements of pre- 
dawn (Ψpd) and midday (Ψmd) leaf water potentials were performed in 
all plants using a pressure chamber (Model 600D; PMS Instrument 
Company, Albany, OR, USA). In all cases, one leaf per plant was used. 
Additionally, in the same leaves used for Ψmd, the leaf relative water 
content (RWC), the leaf mass per area (LMA) and the leaf density (LD) 
were determined. RWC was calculated as: 

RWC (%) =
FW − DW
TW − DW

x 100  

Where FW, DW and TW correspond to fresh, dry, and turgid weights, 
respectively. The FW was determined immediately after measuring Ψmd. 
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Then, leaves were rehydrated in distilled water for 24 h under darkness 
conditions at 4 ◦C to obtain the TW. At this moment, leaves were pho
tographed to calculate their area using ImageJ (Wayne Rasband/NIH). 
Also, their thickness was measured with a digital caliper from five 
measurements per leaf avoiding main veins. Finally, leaves were placed 
in an oven at 70 ◦C for 72 h to determine their DW. LMA was calculated 
as the ratio of dry weight to leaf area, while LD was estimated as 
thickness per area. 

2.3. Gas exchange and fluorescence measurements 

At the end of treatments’ application, an infrared gas analyser 
(IRGA) LI-6400XTR coupled with a fluorometer (Li-6400− 40; Li-Cor 
Inc., Lincoln, NE, USA) was used for simultaneous gas exchange and 
chlorophyll a fluorescence (Chl a) measurements. In all cases, mea
surements were performed from 1 h after the start of the photoperiod in 
the growth chamber (i.e., from 9:00 h) to 14:00 h. The block tempera
ture, the vapour pressure deficit (VPD) and the flow rate were fixed at 25 
◦C, 1.5 kPa and 300 μmol min− 1, respectively. Per each plant, one fully 
developed leaf was clamped into a 2 cm2 cuvette and steady-state con
ditions were induced at saturating photosynthetic photon flux density 
(PPFD 1500 μmol m− 2 s− 1, 90–10 % red-blue light) and 400 μmol CO2 
mol-1 air. When steady-state conditions were reached –usually after 
15–20 min–, measurements for net CO2 assimilation (AN), stomatal 
conductance (gs), CO2 concentration at the sub-stomatal cavity (Ci) and 
steady-state fluorescence (Fs) were registered. Afterward, a saturating 
light flash of around 8000 μmol m-2 s− 1 was applied to obtain the 
maximum fluorescence (Fm’). From these values, the real quantum ef
ficiency of photosystem II (ΦPSII) was recorded in the equipment as 
follows: 

ΦPSII =
Fm’ − Fs

Fm’ 

Moreover, light curves under non-photorespiratory conditions (< 1% 
O2) were performed to estimate the electron transport rate (ETR) 
following Valentini et al. [50]. Light respiration (Rlight) was considered 
as half the dark-adapted respiration rate after plants exposition to 
darkness for, at least, 30 min [51]. As leaves did not cover the whole 
area of the IRGA cuvette, a picture of the leaf fraction enclosed in the 
cuvette was taken to recalculate the area with ImageJ. With all previous 
parameters, mesophyll conductance (gm) was calculated as described in 
Harley et al. [52]. Species-specific values for the CO2 compensation 
point in the absence of respiration (Γ*) were obtained from 
Hermida-Carrera et al. [53]. 

2.4. Pressure-volume curves 

Per each plant, one fully developed leaf adjacent to that employed for 
gas exchange measurements was used to perform pressure-volume (P–V) 
curves at the end of treatments’ application. Hence, leaves were rehy
drated in distilled water and kept under darkness conditions overnight. 
The next day, leaves water potential was measured with a pressure 
chamber (Model 600D; PMS Instrument Company) and they were sub
sequently weighed to determine their fresh weight. Thus, in most cases, 
from complete and well-defined P–V curves containing 15–17 points, the 
leaf water potential at turgor loss point (Ψtlp), the relative water content 
at turgor loss point (RWCtlp), the leaf osmotic potential at full turgor 
(πo), the bulk modulus of elasticity (ε), the apoplastic water fraction (af), 
and the leaf area specific capacitance at full turgor (C*ft) were calculated 
[30,54]. 

2.5. Cell wall composition characterization 

Those leaves used for gas exchange measurements were kept under 
darkness conditions overnight to minimize starch content. The next 
morning, sampling for cell wall composition analyses was performed in 

each plant. Around 500 mg of fresh leaf tissue per plant were cut in small 
pieces to be boiled until bleached in screwed-capped tubes containing 
absolute ethanol. They were cleaned twice with acetone >95 % 
obtaining the alcohol insoluble (AIR), an approximation of the total 
isolated cell wall material. AIRs were dried at room temperature and 
then, an α-amylase digestion was performed to eliminate starch residues. 
Afterward, 3 analytical replicates per AIR weighing 3 mg, approxi
mately, were hydrolysed with 2 M trifluoroacetic acid at 121 ◦C for 1 h. 
After that, they were centrifuged obtaining two phases: a supernatant 
(non-cellulosic cell wall components) and a pellet (cellulosic cell wall 
components). Whilst non-cellulosic cell wall components were used for 
hemicelluloses and pectins quantifications, the pellet was cleaned twice 
with distilled water and acetone >95 %. The dry residue corresponding 
to cellulose was hydrolysed with 200 μL sulphuric acid 72 % (w/v) for 1 
h, diluted to 6 mL with distilled water and heated at 121 ◦C until 
degradation. Both cellulose and hemicelluloses quantifications were 
performed by the phenol-sulphuric acid colorimetric procedure [55]. 
Hence, samples absorbance was read at 490 nm and both sugars contents 
were estimated interpolating samples values from a glucose calibration 
curve. For pectins quantification, the colorimetric method described in 
Blumenkrantz and Asboe-Hansen [56] was addressed using 2-hydroxy
biphenil as a reagent. Thus, samples absorbance was read at 520 nm 
and pectins content was determined interpolating samples values from a 
galacturonic acid calibration curve. For all analyses, a Multiskan Sky 
Microplate spectrophotometer (ThermoFisher Scientific) was employed. 

2.6. Statistical analysis 

Prior to performing statistical analyses, Thompson test was applied 
to detect and subtract outliers for all tested parameters. Then, two-way 
analysis of variance (ANOVA) and subsequent LSD test were performed 
to identify statistically significant (P < 0.05) “species”, “treatments” and 
“species:treatments” effects. Furthermore, Pearson’s correlation 
matrices were done to find correlations between all studied parameters, 
which were considered as significant and highly significant when P <
0.05 and P < 0.01, respectively. Finally, linear regressions between 
photosynthetic, leaf water relations and cell wall composition parame
ters were fitted using mean values per species and treatment. In all cases, 
the R statistical software (ver. 3.2.2; R Core Team, Vienna, Austria) was 
employed. 

3. Results 

3.1. Plants water status 

For both species, the reduction in water availability in Mod WS and 
Sev WS treatments resulted in significant declines in plant water status 

Table 1 
Water status of H. vulgare and T. aestivum plants subjected to different conditions 
(CL, control; Mod WS, moderate water deficit stress; Sev WS, severe water deficit 
stress). Mean values ± SE are shown for pre-dawn leaf water potential (Ψpd), 
midday leaf water potential (Ψmd) and RWC (leaf relative water content). Spe
cies and treatments effects were quantified by two-way ANOVA and differences 
between groups were addressed by LSD test. P-values are shown. n = 5 in all 
cases.  

Species and treatments Ψpd (MPa) Ψmd (MPa) RWC (%) 

H. vulgare – CL − 0.23 ± 0.01a − 0.82 ± 0.04a 90.62 ± 2.47a 

H. vulgare – Mod WS − 0.50 ± 0.09b − 1.30 ± 0.09b 88.39 ± 1.01ab 

H. vulgare – Sev WS − 1.80 ± 0.05c − 2.15 ± 0.04c 81.81 ± 2.39b 

T. aestivum – CL − 0.21 ± 0.03a − 0.74 ± 0.08a 94.15 ± 0.72a 

T. aestivum – Mod WS − 0.37 ± 0.01ab − 1.40 ± 0.09b 88.68 ± 0.31ab 

T. aestivum – Sev WS − 2.07 ± 0.11d − 2.66 ± 0.16d 67.44 ± 4.12c 

Species 0.369 0.023 0.046 
Treatments <0.001 <0.001 <0.001 
Species:Treatments 0.012 0.018 0.002  
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parameters (Table 1). Thus, both species presented more negative values 
for Ψpd and Ψmd relative to CL, T. aestivum being the species achieving 
the lowest values (Table 1). However, both species almost maintained 
RWC to CL values under Mod WS, but significant reductions were found 
under Sev WS, being more accentuated in T. aestivum (Table 1). 

3.2. Photosynthetic characterization 

Under CL conditions, both species presented similar AN rates (25.92 
± 1.72 and 23.87 ± 1.18 μmol CO2 m− 2 s-1 for H. vulgare and T. aestivum, 
respectively), which were largely reduced due to Sev WS imposition 
(Fig. 1A). The same pattern was also found for gs, presenting reductions 
of almost 90 % and 80 % in H. vulgare and T. aestivum, respectively 
(Fig. 1B). Because gs was more reduced than AN, WUEi was significantly 
higher under water deficit stress conditions than under CL in both spe
cies, especially in Sev WS treatment (107.50 ± 5.08 and 93.75 ± 9.80 
μmol CO2 mol-1 H2O for H. vulgare and T. aestivum, respectively; Fig. 1C). 
Although gm only declined under Sev WS in H. vulgare (0.07 ± 0.02 mol 
CO2 m− 2 s-1), it significantly increased under Mod WS in T. aestivum as 
compared to CL (0.40 ± 0.06 and 0.23 ± 0.04 mol CO2 m− 2 s-1, 
respectively), being then reduced to 0.13 ± 0.04 mol CO2 m− 2 s-1 under 
Sev WS (Fig. 1D). Regarding ETR, both “treatment” and “species” effects 
were significant (P = 0.02 and P < 0.001, respectively), H. vulgare being 
the species presenting more pronounced reductions due to water deficit 
stress treatments (Fig. 1E). Finally, only “species” effect was significant 
for Rlight as T. aestivum presented slightly higher values than H. vulgare 
under all tested conditions (Fig. 1F). 

3.3. Leaf water relations 

Regarding P–V curves-derived parameters, water deficit stress 
imposed a significant shift towards more negative Ψtlp in comparison to 
CL, whilst no “species” effect was detected (Fig. 2A). Again, these 
changes were more pronounced in T. aestivum as Ψtlp was significantly 
reduced during both water deprivation treatments imposition, whereas 

Ψtlp was similarly maintained to CL value in H. vulgare subjected to Mod 
WS (Fig. 2A). Nonetheless, changes in RWCtlp were specifically attrib
uted to “treatments” effect (P < 0.001) since water shortage promoted 
RWCtlp increasing as compared to CL (Fig. 2B). Concerning πo, Mod WS 
imposition imposition resulted in large declines in T. aestivum, whilst it 
was maintained at CL value in H. vulgare (Fig. 2C). Nonetheless, both 
species presented significant reductions under Sev WS conditions, 
reaching -1.34 ± 0.12 and -1.20 ± 0.26 MPa in T. aestivum and 
H. vulgare, respectively (Fig. 2C). Regarding ε adjustments, changes 
were exclusively attributed to “treatments” effect (P < 0.001) (Fig. 2D). 
Thus, under Sev WS, leaves rigidity (i.e., higher ε) was almost three 
times larger than under CL in both species (11.33 ± 1.40 and 29.42 ±
0.30 MPa in T. aestivum and 10.49 ± 1.06 and 24.97 ± 3.78 MPa in 
H. vulgare under CL and Sev WS, respectively; Fig. 2D). However, no 
significant changes were detected for af (Fig. 2E). Finally, whereas 3.5- 
fold decreased C*ft was found in T. aestivum under Sev WS as compared 
to CL (0.29 ± 0.12 and 0.95 ± 0.15 mol H2O m− 2 MPa-1, respectively), it 
was maintained similarly to CL in H. vulgare (0.66 ± 0.00 and 0.78 ±
0.13 mol H2O m− 2 MPa-1, respectively; Fig. 2F). 

3.4. Leaf structure and cell wall composition 

Water deficit stress treatments induced different changes in both 
species foliar structure and cell wall composition (Table 2). Whereas an 
enhancement of LMA and LD was detected under Mod WS and Sev WS 
conditions as compared to CL in H. vulgare, no differences were observed 
in T. aestivum (Table 2). Regarding cell wall composition, H. vulgare 
increased the AIR content and the amounts of hemicelluloses with no 
changes in cellulose under Sev WS (Table 2). Instead, T. aestivum pre
sented lower cellulose and hemicelluloses contents under both water 
shortage treatments than under CL, with no changes in AIR (Table 2). 
Although pectins were gradually enhanced from CL to Mod WS in 
H. vulgare, they decreased under Mod WS in T. aestivum in comparison to 
CL (Table 2). Nonetheless, both species displayed the highest amounts of 
pectins under Sev WS conditions (Table 2). 

Fig. 1. Photosynthetic characterization 
of H. vulgare and T. aestivum plants 
subjected to different conditions (CL, 
control; Mod WS, moderate water 
deficit stress; Sev WS, severe water 
deficit stress). Saturating light condi
tions were applied to determine (A) net 
CO2 assimilation (AN), (B) stomatal 
conductance (gs), (C) intrinsic water use 
efficiency (WUEi), (D) mesophyll 
conductance (gm), (E) electron transport 
rate (ETR) and (F) light respiration 
(Rlight). Species (S) and treatments (T) 
effects were quantified by two-way 
ANOVA and differences between 
groups were addressed by LSD test. 
Different superscript letters indicate 
significant differences. Significance: *** 
P < 0.001; ** <0.01; * <0.05; ns <0.5. 
Values are means ± SE (n = 5).   
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3.5. Correlations between parameters 

Relationships between all studied parameters are found in Table S1. 
Particularly, significant negative correlations were detected between ε 
and the (Cellulose+Hemicelluloses)/Pectins ratio (R2 = 0.92, P < 0.01, 
Fig. 3A) and gs (R2 = 0.60, P = 0.04, Fig. 3B). However, gs correlated 
positively with πo (R2 = 0.63, P = 0.04, Fig. 3C) and with the (Cellu
lose+Hemicelluloses)/Pectins ratio (R2 = 0.71, P = 0.02, Fig. 3D). 
Additionally, other significant negative correlations were found be
tween gm and AN with pectins (R2 = 0.66, P = 0.03, Fig. 4A and R2 =

0.67, P = 0.03, Fig. 4B, respectively). 

4. Discussion 

In the present study, we tested two of the most relevant grass crops 
worldwide to examine the implications of distinct levels of water deficit 
stress promoting changes in their physiological performance. The classic 
response to water deprivation is characterized by AN reductions due to 
decreasing in the overall CO2 diffusion, resulting in enhanced WUEi [10, 
14]. Although gs declines were already detected at Mod WS in both 

species, gm was similarly maintained to CL in H. vulgare whilst it was 
enhanced around 43 % in T. aestivum (Fig. 1B,D). In fact, enhanced gm 
under water deprivation was previously reported in sunflowers sub
jected to long term water deficit stress [29]. Given that gs is a reference 
parameter to understand plants responses to progressive drought and 
that severe levels of water deficit stress usually occur when gs drops 
below 0.03 mol CO2 m− 2 s-1 [57], our results may indicate that the water 
shortage treatments we applied just imposed a moderate stress. How
ever, the application of apparently moderate water deficit stress treat
ments supposed significant changes in P–V derived parameters (Fig. 2). 

Osmotic and elastic adjustments (i.e., changes in πo and ε) are 
important mechanisms to face water deprivation [20–22,24]. Although 
H. vulgare maintained πo to CL value under Mod WS, significant declines 
were observed in T. aestivum, demonstrating that both species presented 
different mechanisms to face this level of water deficit stress. However, 
both achieved more negative πo after their exposition to Sev WS. 
Nonetheless, elastic modifications were only observed under Sev WS, 
resulting in enlarged ε as previously reported in evergreen species sub
jected to drought periods [20] probably because of modifications in the 
foliar structure [58,59]. Since LMA and LD usually increase after plants 

Fig. 2. Leaf water relations of 
H. vulgare and T. aestivum plants sub
jected to different conditions (CL, con
trol; Mod WS, moderate water deficit 
stress; Sev WS, severe water deficit 
stress). (A) Water potential at turgor 
loss point (Ψtlp), (B) relative water 
content at turgor loss point (RWCtlp), 
(C) osmotic potential at full turgor (πo), 
(D) bulk modulus of elasticity (ε), (E) 
apoplastic water fraction (af), and (F) 
leaf area specific capacitance at full 
turgor (C*ft). Species (S) and treatments 
(T) effects were quantified by two-way 
ANOVA and differences between 
groups were addressed by LSD test. 
Different superscript letters indicate 
significant differences. Significance: *** 
P < 0.001; ** <0.01; * <0.05; ns <0.5. 
Values are means ± SE (n = 5).   

Table 2 
Leaf structural traits and cell wall composition of H. vulgare and T. aestivum plants subjected to different conditions (CL, control; Mod WS, moderate water deficit stress; 
Sev WS, severe water deficit stress). Mean values ± SE are shown for leaf mass per area (LMA), leaf density (LD), alcohol insoluble residue (AIR), cellulose, hemi
celluloses and pectins. Species and treatments effects were quantified by two-way ANOVA and differences between groups were addressed by LSD test. Different 
superscript letters indicate significant differences. P-values are shown. n = 5 in all cases.  

Species and treatments LMA (g m− 2) LD (g cm− 3) AIR (% extracted) Cellulose (mg g− 1 AIR) Hemicelluloses (mg g− 1 AIR) Pectins (mg g− 1 AIR) 

H. vulgare – CL 29.35 ± 0.99b 0.11 ± 0.01b 15.23 ± 2.47b 228.99 ± 9.79b 176.81 ± 15.19b 26.75 ± 3.48c 

H. vulgare – Mod WS 40.18 ± 3.17a 0.15 ± 0.02a 18.72 ± 0.71b 245.07 ± 12.25b 179.66 ± 22.12b 30.80 ± 1.15bc 

H. vulgare – Sev WS 41.40 ± 3.14a 0.17 ± 0.01a 24.88 ± 1.70a 233.94 ± 4.26b 229.37 ± 6.25ª 37.93 ± 0.52a 

T. aestivum – CL 41.83 ± 2.88a 0.18 ± 0.01a 16.41 ± 0.16b 292.93 ± 3.78ª 227.71 ± 8.34ª 33.20 ± 0.77ab 

T. aestivum – Mod WS 38.49 ± 1.73a 0.16 ± 0.01a 17.38 ± 0.19b 222.69 ± 12.37b 207.00 ± 15.14ab 29.02 ± 1.44bc 

T. aestivum – Sev WS 38.85 ± 1.99a 0.17 ± 0.02a 18.67 ± 0.79b 227.08 ± 15.98b 177.20 ± 15.78b 36.49 ± 0.34a 

Species 0.292 0.023 0.075 0.214 0.607 0.326 
Treatments 0.277 0.184 <0.001 0.026 0.644 <0.001 
Species:Treatments 0.015 0.021 0.053 0.002 0.004 0.033  
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exposition to water shortage, they have been correlated positively with ε 
across species [31,60,61]. However, in our study, the relationships be
tween ε with LMA and LD were non-significant (Table S1), which implies 
that other traits were involved in ε adjustments in both grass species. 
Although it has been proposed that modifications in cell wall thickness 
may determine ε changes [62,63], it is improbable that such modifica
tions are involved in fast ε adjustments. Thus, some studies proposed 
that changes in the cell wall proportion (i.e., the AIR) as well as in its 
compounds rearrangement may affect ε [27,32–35]. Of the previous, 
only Roig-Oliver et al. [27] provided empirical evidence for this, 
showing positive relationships between ε and AIR and pectins. In the 
present study, we also found that pectins content correlated with ε 
(Table S1), but an even more significant relationship emerged 

considering the (Cellulose+Hemicelluloses)/Pectins ratio (Fig. 3A), 
evidencing that modifications in pectins relative abundance determined 
elastic adjustments in grasses, even when they contain less than half 
pectins amounts than non-gramineous angiosperms [36,37,40,46–48]. 
Additionally, another two correlations between photosynthesis-related 
and leaf water-related parameters were further observed (Fig. 3B,C), 
being ε, πo and gs crucial traits. Lower πo values were achieved while 
enhancing the level of water deprivation, being accompanied by an 
increasing of leaves rigidity and by declines in gs, all of them contrib
uting to photosynthesis reductions. Since stomatal closure was in gen
eral the main photosynthesis limitation, this study provides one of the 
first evidences on the relationship between gs adjustments due to mod
ifications in leaf cell wall composition (Fig. 3D). In fact, Gago et al. [64] 

Fig. 3. Relationships between bulk modulus of elasticity (ε) and (A) (Cellulose+Hemicelluloses)/Pectins ratio and (B) stomatal conductance (gs) and relationships 
between gs and (C) osmotic potential at full turgor (πo) and (D) (Cellulose+Hemicelluloses)/Pectins ratio in H. vulgare and T. aestivum plants subjected to different 
conditions (CL, control; Mod WS, moderate water deficit stress; Sev WS, severe water deficit stress). n = 5 (means ± SE). 

Fig. 4. (A) Relationship between mesophyll conductance (gm) and pectins content and (B) relationship between net CO2 assimilation (AN) and pectins content in 
H. vulgare and T. aestivum plants subjected to different conditions (CL, control; Mod WS, moderate water deficit stress; Sev WS, severe water deficit stress). n = 5 
(means ± SE). 
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specifically proposed that changes in guard cells’ cell wall composition 
–among other mechanisms such as specific sugars and organic acids 
accumulation and alterations in enzymatic processes– could influence 
stomatal movements, which may finally affect photosynthesis. Particu
larly, it has been reported that pectin arabinans degradation blocked 
stomatal movements in the dicotyledonous Commelina communis [65] 
and high pectins deposition were found in the guard cells’ cell walls of 
the grass species Zea mays [66]. Therefore, pectins have been proposed 
to strongly regulate guard cells’ cell wall properties [67], which may 
potentially affect stomata functioning and, thus, photosynthesis. 
Although further studies exclusively evaluating guard cells’ cell wall 
composition are needed to confirm this role for pectins, we show that 
even changes in their relative proportion considering the whole leaf cell 
wall were also responsible of photosynthetic reductions due to gs mod
ulation. Also, we demonstrate pectins relevance in determining gm and, 
thus, photosynthesis (Fig. 4A,B). Although Ye et al. [68] did not report 
any cell wall composition effect on photosynthesis testing well-watered 
rice genotypes, Ellsworth et al. [49] and Zhang et al. [69] analysed 
different rice mutants and attributed photosynthesis reductions to al
terations in mixed-linked glucans and to disrupted cellulose microfibrils 
orientation, respectively. However, those modifications in cell wall 
composition affecting photosynthesis –and, particularly, gm– under 
distinct abiotic stressors including water shortage have just been 
explored in some dicotyledonous [27,29,43] and in a 
dicotyledonous-gymnosperm comparison [28]. Specifically, whilst 
Roig-Oliver et al. [28] found distinct patterns to face water deficit stress 
in G. biloba and H. annuus, cellulose and pectins were exclusively linked 
to gm in grapevines and tobacco, respectively [27,43]. Thus, our results 
are in agreement with those reported in tobacco and are of special 
relevance since the effect of changes in cell wall composition regulating 
photosynthesis –specially, gm– in grasses remained further unexplored. 

5. Conclusions 

To the best our knowledge, this study provides the first evidence on 
the role of cell wall composition determining both photosynthesis and 
leaf water relations adjustments in two of the most relevant grass crops 
worldwide subjected to distinct water deficit stress regimes. Our results 
demonstrated the importance of osmotic and elastic adjustments influ
encing photosynthesis, being πo, ε, and gs key parameters. Also, we 
highlighted that changes in cell wall composition –particularly, in pec
tins content– determined leaf elasticity and both gs and gm. Besides these 
modifications in the amounts of the analysed leaf cell wall compounds, 
we speculate that they could be accompanied by changes in their 
physicochemical interactions resulting in differed guard cells movement 
and to altered wall porosity [65,66,70–72], which ultimately affected 
photosynthesis. However, the present results should be confirmed under 
more realistic field conditions, and further studies testing a larger 
number of grass crops subjected to more water shortage treatments as 
well as to recovery conditions are required to elucidate which physio
logical strategies are activated during drought events that resemble 
those caused by the climate change. 
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E. Gil-Pelegrín, Non-contact ultrasonic resonant spectroscopy resolves the elastic 
properties of layered plant tissues, Appl. Phys. Lett. 113 (2018), 253704. 
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