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Abstract

In previous work, we identified that exposure to limited water availability induced changes in cell wall compos-
ition of mature Helianthus annuus L.  leaves that affected mesophyll conductance to CO2 diffusion (gm). However, 
it is unclear on which timescale these changes in cell wall composition occurred. Here, we subjected H. annuus to 
control (i.e. water availability), different levels of short-term water deficit stress (ST), long-term water deficit stress 
(LT), and long-term water deficit stress followed by gradual recoveries addressed at different timescales (LT-Rec) to 
evaluate the dynamics of modifications in the main composition of cell wall (cellulose, hemicelluloses, pectins and 
lignins) affecting photosynthesis. During gradual ST treatments, pectins enhancement was associated with gm de-
cline. However, during LT-Rec, pectins content decreased significantly after only 5 h, while hemicelluloses and lignins 
amounts changed after 24 h, all being uncoupled from gm. Surprisingly, lignins increased by around 200% compared 
with control and were related to stomatal conductance to gas diffusion (gs) during LT-Rec. Although we suspect that 
the accuracy of the protocols to determine cell wall composition should be re-evaluated, we demonstrate for the first 
time that a highly dynamic cell wall composition turnover differently affects photosynthesis in plants subjected to 
distinct water regimes.

Keywords:  Cell wall composition, Helianthus annuus, lignins, mesophyll conductance to CO2 diffusion, pectins, photosynthesis, 
recovery, stomatal conductance to gas diffusion, water deficit stress.
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Introduction

The plant cell wall is a complex structure surrounding plant 
cells that is composed of distinct types of polysaccharides, phen-
olic compounds, structural proteins, and other small molecules 
(Carpita and Gibeaut, 1993; Cosgrove, 2005; 2018; Keegstra, 
2010; Tenhaken, 2015; De Lorenzo et al., 2019; Anderson and 
Kieber, 2020). Most studies have focused on primary cell 
walls, which are mainly formed by cellulose, hemicelluloses, 
and pectins (Carpita and Gibeaut, 1993; Cosgrove, 2005; 2018; 
Tenhaken, 2015; Novaković et  al., 2018; De Lorenzo et  al., 
2019; Anderson and Kieber, 2020). Of these, cellulose is the 
most abundant polysaccharide, consisting of a few 100 to over 
10 000 residues of (1,4)-linked-β-D-glucose chains forming 
long, insoluble, and unbranched crystalline microfibrils due 
to hydrogen bonds (Cosgrove, 2005; 2018; Keegstra, 2010; 
Anderson and Kieber, 2020). Among those closely packed cel-
lulose microfibrils, non-cellulosic polysaccharides (hereafter 
referred as hemicelluloses) are deposited (Carpita and Gibeaut, 
1993; Tenhaken, 2015; Novaković et al., 2018). This cellulose-
hemicelluloses network is entrenched in a pectin matrix 
which is thought to be a crucial structure determining cell 
wall hydrophilic properties as well as its porosity, viscosity, ri-
gidity, and thickness (Baron-Epel et al., 1988; Vicré et al., 1999; 
Cosgrove, 2005; Moore et  al., 2008; Ochoa-Villarreal et  al., 
2012; Houston et al., 2016; Carriquí et al., 2020; Roig-Oliver 
et  al., 2020a, b, c). In some types of primary cell walls, sec-
ondary walls are internally deposited to provide strength and 
rigidity to tissues that are no longer growing (Cosgrove, 2005; 
Keegstra, 2010; Tucker et al., 2018). In particular, lignin is a spe-
cific phenolic polymer relatively abundant in secondary walls 
(Iiyama et al., 1994; Wallace and Fry, 1994). It is compounded 
by highly condensed polymeric matrices, which conform the 
core lignin, and by low molecular weight phenolic monomers 
and oligomers, representing the non-core lignin (Moreira-
Vilar et al., 2014). Lignin accumulation during plant exposure 
to environmental stresses has been related to alterations in cell 
wall characteristics, such as extensibility, hydrophobicity, flexi-
bility, and mechanical strength (Iiyama et al., 1994; Wallace and 
Fry, 1994; Lampugnani et al., 2018; Terrett and Dupree, 2019).

The cell wall was traditionally considered to be robust and 
static from a compositional perspective, but it is now recog-
nized as a highly dynamic structure that is required to define 
leaf architecture (Baskin, 2005; Cosgrove, 2005; 2018; Caffall 
and Mohnen, 2009; Ochoa-Villarreal et  al., 2012; Tenhaken, 
2015; Lampugnani et  al., 2018; Weraduwage et  al., 2018; De 
Lorenzo et  al., 2019; Rui and Dinneny, 2019; Anderson and 
Kieber, 2020). In particular, modifications in the cell wall 
occur during its synthesis and assembly, promoting changes 
in the orientation of cytoskeleton structures with subsequent 
alterations in the cross-linking interactions between cell wall 
components (Weraduwage et al., 2018). However, there is still 
controversy when referring to the dynamics of those modi-
fications occurring in the cell wall of expanded and mature 

leaves (Houston et  al., 2016; Cosgrove, 2018). It is assumed 
that changes in cell wall composition and architecture con-
trol different stages of plant cell differentiation during embryo-
genesis and subsequent growth (Cosgrove, 2018), leading to 
the establishment of a specific leaf architecture (Weraduwage 
et al., 2018). Thus, during cell growth, the cell wall has to be 
flexible enough to allow for cellular expansion and it has to 
synthesize new wall material to properly encapsulate and re-
inforce the growing cell while providing structural support 
(Baskin, 2005; Houston et al., 2016; Lampugnani et al., 2018; 
Weraduwage et al., 2018). Hence, the genetic regulation of the 
constant synthesis and modification of the cell wall material 
promotes disruptions and cross-linkage reassembly (Cosgrove, 
2005; 2018; Weraduwage et al., 2018). However, when the cell 
has ceased growing and dividing and leaves are fully expanded, 
thicker and robust secondary walls are internally deposited in 
some types of primary walls (Cosgrove, 2005; Keegstra, 2010; 
Houston et  al., 2016; Lampugnani et  al., 2018; Tucker et  al., 
2018). In these mature leaves, cell wall composition modifica-
tions were thought to be of lesser importance in comparison to 
those taking place during leaf growth and expansion (Houston 
et al., 2016; Cosgrove, 2018), inhibiting wall ability to rearrange 
in response to external stressors (Sahaf and Sharon, 2016).

Some studies have recently demonstrated that mature leaves 
of plants subjected to different abiotic stressors display signifi-
cant changes in their cell wall composition that are strongly 
related to photosynthesis – particularly, to mesophyll con-
ductance to CO2 diffusion (gm)–, suggesting that these modi-
fications may dynamically affect cell wall porosity in response 
to stress (Clemente-Moreno et  al., 2019; Roig-Oliver et  al., 
2020a, c). Although specific differences were found depending 
on the tested species and stress conditions, in most of these 
studies the pectins content or the pectins fraction was posi-
tively or negatively correlated with gm, suggesting that they 
could be of special relevance determining cell wall proper-
ties affecting CO2 diffusion and thus, gm (Flexas et al., 2021). 
Regardless of the specific relationship between gm and cell wall 
composition found in these previous studies, all of the ana-
lysed photosynthesis and cell wall composition responses after 
plants acclimation to a particular condition from days to weeks. 
Therefore, it remains unexplored if the speed of those modifi-
cations occurring in the cell wall composition of mature leaves 
could also determine photosynthesis in a shorter timeframe. 

Since the application of distinct water availability regimes in-
duces changes in both photosynthesis and cell wall composition 
(Vicré et al., 1999; Chaves et al., 2002; 2009; Flexas et al., 2004; 
Tenhaken, 2015; Novaković et al., 2018; Rui and Dinneny, 2019; 
Roig-Oliver et al., 2020a, c), we subjected Helianthus annuus L. to 
different water conditions with two aims: (i) to confirm the rele-
vance of these cell wall modifications affecting photosynthesis in 
an extended range of short-term water deficit stress conditions; 
and (ii) to evaluate the dynamics of those changes occurring 
in the cell wall composition of mature leaves immediately after 
rewatering plants subjected to long-term water deficit stress. Thus, 
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we extended the experimental design of our previous study in 
the same species (Roig-Oliver et al., 2020a) by applying gradual 
short-term water deficit stress treatment and a long-term water 
deficit stress treatment followed by gradual recovery, to monitor 
in detail how modifications in the main composition of cell walls 
(i.e. cellulose, hemicelluloses, pectins, and lignins) and photosyn-
thesis occurred.

Material and methods

Plant material, experimental design, and growth conditions
Helianthus annuus seeds were sown individually in water-irrigated 3 l 
pots containing a substrate mixture of peat: perlite (3:1, v/v). They were 
placed in a growth chamber at 25 °C receiving 200–300 µmol m−2 s−1 of 
photosynthetic photon flux density (PPFD) for 12 h followed by 12 h of 
darkness. On the sowing day, pots were randomly subjected to different 
growing conditions: control (CL, without stress), short-term water deficit 
stress (ST), long-term water deficit stress (LT) and long-term water def-
icit stress followed by a recovery (LT-Rec). Within the plants belonging 
to ST and LT-Rec treatments, randomly selected individual replicates 
were kept under distinct water availability conditions for a detailed moni-
toring of those changes associated with specific levels of ST and LT-Rec 
(see Fig. 1 for more detail).

Control plants were maintained at 100% field capacity (FC) for 44 
d. The same conditions were applied to all plants belonging to ST treat-
ments, followed by the application of water deprivation. In order to 

monitor those changes occurring immediately after achieving a specific 
level of water shortage, individual ST replicates were randomly selected 
to be measured when reaching 80, 65, 50 and 40% FC (named ST-80% 
FC, ST-65% FC, ST-50% FC and ST-40% FC, respectively; Fig. 1). As it 
took 4 d to descend from a specific level of FC to the following, add-
itional control plants were maintained at 100% FC during the gradual 
performance of ST. Thus, they were measured at the same ages of ST-65% 
FC and ST-40% FC treatments (i.e. 52 and 60 days-old, respectively; Fig. 
1) to remove the ‘age effect’ from all ST measurements, ensuring that 
photosynthetic and cell wall compositional changes were exclusively at-
tributed to each specific level of water deficit stress. LT treatment was 
achieved by decreasing the pots FC from 100% to 40%, starting at the 
sowing day. Hence, when 40% FC was reached – usually after 18 d from 
sowing–, this water status was maintained for 26 d. Plants belonging to 
LT-Rec treatments were kept under the same conditions as those of LT, 
but a rewatering to 100% FC was applied at different time points to 
ensure that all of them were 44 days old when measured. Specifically, 
plants were recovered and subsequently maintained at 100% FC for 5, 
24, 48, 72 and 96 h (LT-Rec 5 h, LT-Rec 24 h, LT-Rec 48 h, LT-Rec 
72 h and LT-Rec 96 h, respectively; Fig. 1). Considering that no leaves 
were unfolded during ST treatments, measurements were performed on 
fully expanded leaves previously developed under well-watered condi-
tions. Instead, LT treatment allowed for expansion of leaves under stress 
conditions. Thus, LT and LT-Rec measurements were performed in fully 
expanded leaves developed under water shortage.

In all cases, five randomly selected individual replicates were subjected 
to those specific conditions imposed by each treatment (Fig. 1). All plants 
were monitored daily to maintain each pot FC at a specific level by re-
placing evapo-transpired water.

Fig. 1. Diagram representing the experimental design of the study. Specific growing conditions for all plants subjected to each treatment are shown (CL: 
control; ST-80%, ST-65% FC, ST-50% FC and ST-40% FC: short-term water deficit stress at 80%, 65%, 50% and 40% field capacity (FC), respectively; 
LT: long-term water deficit stress; LT-Rec 5 h, LT-Rec 24 h, LT-Rec 48 h, LT-Rec 72 h and LT-Rec 96 h: long-term water deficit stress followed by 5, 
24, 48, 72 and 96 h of recovery, respectively). Also, the age of the plants when measured is included. Whilst water drops represent water shortage or 
water supply in ST or LT-Rec treatments, respectively, the timer indicates that the watering was addressed at different moments during LT-Rec. n=5 in all 
treatments.
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Plant water status
For each plant belonging to CL, LT and ST treatments, a fully expanded 
leaf was used to determine the pre-dawn (ψ pd) and the midday (ψ md) leaf 
water potentials with a pressure chamber (Model 600D; PMS Instrument 
Company, Albany, USA). Instead, the leaf water potential (ψ) was deter-
mined before starting gas exchange performance in all LT-Rec treat-
ments. Additionally, the leaf relative water content (RWC) was calculated 
in the same leaves in which ψ  md and ψ were estimated using the fol-
lowing equation:

RWC =
FW−DW
TW−DW

x 100

Thus, leaves’ fresh weight (FW) was obtained immediately after measuring 
ψ md or ψ. Then, leaves’ turgid weight (TW) was obtained after their rehy-
dration in distilled water for 24 h in darkness at 4 °C. Finally, leaves were 
transferred to an oven kept at 70 °C for, at least 72 h, to obtain their dry 
weight (DW).

Gas exchange and chlorophyll fluorescence measurements
A gas exchange system equipped with a 2  cm2 fluorescence chamber 
(Li-6400-40; Li-Cor Inc., Lincoln, NE, USA) was used to perform sim-
ultaneous measurements of gas exchange and chlorophyll a fluorescence. 
For each plant, the third fully expanded leaf from the apex was used to 
determine the net CO2 assimilation (AN), the stomatal conductance to 
gas diffusion (gs), the CO2 concentration at the sub-stomatal cavity (Ci) 
and the steady-state fluorescence (Fs) at 25 °C, 400 μmol CO2 mol−1 air 
and saturating light (1500  μmol m−2 s−1, 90–10% red-blue light) after 
reaching steady-state conditions (usually after 15–20 min). Subsequently, 
a saturating light flash of around 8000 μmol m−2 s−1 was applied to de-
termine the maximum fluorescence (Fm’). From these values, the real 
quantum efficiency of photosystem II (Φ PSII) was recorded in the equip-
ment. The electron transport rate (ETR) was calculated as described in 
Valentini et al. (1995) by the performance of light curves under negli-
gible photorespiratory conditions (≃ 1% O2). The dark respiration rate 
was estimated after plants acclimation to darkness for 30 min (Niinemets 
et  al., 2005). The light mitochondrial non-photorespiratory respiration 
rate (Rlight) was assumed to be half the dark respiration rate. The meso-
phyll conductance to CO2 diffusion (gm) was estimated from previous 
values (Harley et al., 1992), assuming that the CO2 compensation point 
in the absence of respiration (Γ*) was averaged from previously reported 
values for H. annuus (Parry et al., 1989; Kent et al., 1992; Kanevski et al., 
1999; Sharwood et al., 2008), corresponding to 40.65 µmol CO2 mol−1 
air. Thus, the following equation was used:

gm =
AN

Ci − Γ∗((ETR+8(AN+ Rlight))
ETR−4(AN+ Rlight)

Cell wall extraction and fractionation
Sampling for cell wall composition analyses was done in the same leaves 
used for gas exchange measurements. Whereas in CL, LT, and all ST treat-
ments the sampling was performed after keeping plants under darkness 
overnight to minimize foliar starch content, LT-Rec sampling was ad-
dressed immediately after completing gas exchange measurements. In all 
cases, around 1 g of fresh foliar tissue per plant was cut avoiding the main 
veins. These portions were placed in screw-capped glass tubes filled with 
absolute ethanol (i.e. 100%) to be boiled until bleached. In order to elim-
inate any alcohol-soluble residue, samples were cleaned twice with acetone 
>95% for 30 min, obtaining the alcohol insoluble residue (AIR), an ap-
proximation of the crude isolated cell wall material. Each AIR was split 
in two for the evaluation of distinct cell wall compounds. The AIR frac-
tion destined to cellulose, hemicelluloses and pectins quantification was 
subjected to α-amylase digestion to remove starch residues, which were 

especially abundant in LT-Rec treatments due to sampling conditions. 
When no starch residues were further observed, three technical replicates 
per AIR weighing around 3 mg were hydrolysed with 2 M trifluoroacetic 
at 121  °C for 1  h. They were subsequently centrifuged at 13 000  × g, 
differentiating an aqueous supernatant (non-cellulosic cell wall material, 
i.e. hemicelluloses and pectins) and a pellet (cellulosic cell wall material). 
Although supernatants were kept at –20 °C until use, cellulosic pellets were 
cleaned twice with distilled water and twice more with acetone >95%. 
They were air-dried at 25 ºC to be hydrolysed with 200 μl of 72% (w/v) 
sulphuric acid for 1  h, diluted to 6 ml with distilled water, and heated 
at 121 °C until the pellet degraded. Once cooled, the obtained aqueous 
samples were used for cellulose quantification following the phenol sul-
phuric acid method (Dubois et al., 1956). The same procedure was used to 
calculate the concentration of hemicelluloses. Thus, the concentration of 
both sugars was estimated by interpolating sample absorbance at 490 nm 
from a glucose calibration curve. To quantify pectins, sample absorbance 
was read at 520 nm to be calculated from a galacturonic acid calibration 
curve (Blumenkrantz and Asboe-Hansen, 1973). In all cases, a Multiskan 
Sky Microplate Spectrophotometer (ThermoFisher Scientific, USA) was 
used. The remaining AIR fraction used for lignins quantification was de-
hydrated in an oven at 70 °C for at least 72 h. AIRs were ground to a fine 
powder and around 15 mg of each sample was used to quantify lignins con-
tent using the acetyl bromide method (Fagerstedt et al., 2015), which quan-
tifies both core and non-core lignins (Moreira-Vilar et al., 2014). Hence, 
lignins concentration was obtained by interpolating sample absorbance at 
280 nm from a lignin calibration curve. In this case, a UV-160A Shimadzu 
spectrophotometer (Shimadzu Corp., USA) was used.

Statistical analysis
Before any other statistical analysis, Thompson test was applied to find 
and subtract outliers for all studied parameters. After that, R software 
(ver. 3.2.2; R Core Team, Vienna, Austria) was used to perform further 
statistical tests. First, data passed Shapiro–Wilk and Bartlett tests for nor-
mality and equality of variances, respectively. Next, one-way ANOVA 
and subsequent LSD test were used to detect statistically significant dif-
ferences (P≤0.05) among treatments during gradual ST and during LT 
with gradual recoveries for all tested parameters. Subsequently, Pearson’s 
correlation matrices were created to find pair-wise correlations among 
all analysed parameters, being significant and highly significant at P≤0.05 
and P≤0.01, respectively. Finally, linear regressions between photosyn-
thetic features and cell wall compositional traits were fitted utilizing mean 
values per treatment.

Results

Physiological and cell wall compositional changes 
in response to gradual levels of short-term water 
deficit stress

The application of ST treatments resulted in statistically sig-
nificant lower values for ψ pd, ψ md and RWC than under CL 
(P<0.01 in all cases; Table 1). In particular, ψ pd decreased 
gradually when intensifying the level of water shortage until 
reaching the lowest value in ST-40% FC (–1.69±0.07 MPa; 
Table 1). Although ψ md was similarly maintained to CL in 
ST-80% FC and ST-65% FC, significant reductions (P<0.01) 
were found under ST-50% FC (Table 1). Again, ST-40% FC 
presented the lowest value (–1.89±0.11 MPa; Table 1). Whilst 
CL and ST-80% FC exhibited the highest RWC, ST-40% FC 
reached the lowest value (44.59±2.51%; Table 1).
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ST application did not result in a statistically significant de-
crease in AN compared with CL until reaching ST-40% FC 
(3.54±0.51  µmol CO2 m−2 s−1; Table 2). CL presented the 
highest gs (0.33±0.06 mol CO2 m

−2 s−1), which was reduced up 
to 80% after ST-40% FC application (Table 2). Concerning gm, 
slight reductions were promoted during gradual ST, achieving 
the lowest value in ST-40% FC (0.09±0.00 mol CO2 m

−2 s−1; 
Table 2). Similarly, only ST-40% FC displayed significantly in-
creased WUE compared with CL (P<0.01; Table 2). No statis-
tically significant differences were found among treatments for 
ETR and Rlight (P=0.96 and 0.41, respectively; Table 2).

Based on absolute values for each cell wall component 
(Supplementary Table S1), the timescale variation in their rela-
tive abundance during gradual ST application is shown (Fig. 2). 
Whilst  the relative abundance of cellulose was gradually reduced 
from CL to ST-65% (i.e. from 100±11.42 to 45.43±3.29% CL), sig-
nificant enhancements were subsequently detected (P<0.01; Fig. 2). 
Although the relative content of hemicelluloses was maintained at 
values close to CL in ST-80% FC, it dropped thereafter, presenting 
similarly lower values across ST-65%, 50% and 40% FC (Fig. 2). 
The relative concentration of pectins increased during gradual ST, 
reaching the highest value in ST-40% FC (165.87±9.76% CL; Fig. 
2). Even though the relative abundance of lignins was almost main-
tained at CL in ST-80% FC and ST-65% FC (116.31±5.94 and 
110.74±9.66% CL, respectively), reductions of around 37% were 
detected in ST-50% FC, compared with CL (Fig. 2). Nonetheless, 
ST-40% FC presented almost 1.3 times higher relative concentra-
tion of lignins compared with CL (Fig. 2).

All the results described above were obtained after subtracting 
the age effect in all ST treatments by measuring plants kept at 
100% FC that presented the same age as those belonging to 
ST-65% FC and ST-40% FC (Fig. 1). The obtained data was 
normalized with a calibration curve allowing for calculation of 
the age effect, which was subtracted from all the data obtained 
in ST measurements. However, the trends were similar for all 
parameters even without correcting the data (Supplementary 
Fig. S1; Supplementary Tables S2; S3). Significant correlations 

between photosynthetic and cell wall composition parameters 
expressed on an AIR basis were detected during gradual ST ap-
plication (Supplementary Table S4). Particularly, whilst gm and 
pectins correlated negatively (R2=0.7, P=0.05, Fig. 3A), a posi-
tive relationship between the gm/gs ratio and pectins was found 
(R2=0.91, P<0.01, Fig. 3B). Nonetheless, these correlations were 
non-significant when expressing pectins on an area basis (R2=–
0.29, P=0.77 and R2=0.19, P=0.26, Figs. 3C, D, respectively).

Physiological and cell wall compositional changes 
upon long-term water deficit stress and subsequent 
recovery

Although LT presented the lowest ψ among treatments 
(–1.68±0.30 MPa), it was immediately restored to CL upon 
recovery (Fig. 4A). Similarly, LT presented the lowest RWC 
(55.68±0.96%), which increased gradually during LT-Rec ap-
plication until restoring CL value in LT-Rec 48 h (Fig. 4B).

The application of LT-Rec treatments resulted in gradual 
photosynthesis enhancement since LT-Rec 96 h presented al-
most 2.5 times larger AN than CL (31.40±1.57 µmol CO2 m

−2 
s−1; Fig. 5A). Regarding gs, CL value was achieved in LT-Rec 
24 h (0.33±0.05 mol CO2 m

−2 s−1) and increased thereafter 
until reaching the highest value in both LT-Rec 72  h and 
LT-Rec 96 h (Fig. 5B). Nonetheless, LT and LT-Rec treatments 
did not promote any statistically significant modification for gm 
compared with CL (Fig. 5C). However, LT-Rec 5 h application 
declined WUE by around 23% in comparison to LT (Fig. 5D). 
Further reductions were detected in LT-Rec 24 h and there-
after, representing the achievement of CL value (Fig. 5D). The 
highest ETR was exhibited in both LT-Rec 72 h and LT-Rec 
96 h treatments (243.10±13.14 and 274.55±20.93 µmol m−2 
s−1, respectively), representing more than 2–fold larger ETR 
than CL (Fig. 5E). Finally, Rlight gradually increased during 
LT-Rec application, reaching the highest value in LT-Rec 72 h 
(1.81±0.16 µmol CO2 m

−2 s−1; Fig. 5F).
Absolute values for each cell wall component are shown in 

Supplementary Table S1. Concerning the timescale variation 
in cell wall composition during LT and gradual LT-Rec ap-
plication, the relative concentration of cellulose was equally 
maintained to CL values across all tested conditions (Fig. 6). 
Nonetheless, LT and subsequent LT-Rec treatments resulted in 
significantly lower (P<0.01) relative abundance of hemicellu-
loses compared with CL (Fig. 6). Although LT exhibited higher 
relative concentration of pectins than CL (123.70±3.64 versus 
100.00±4.82% CL, respectively), it was significantly reduced 
(P<0.01) upon recovery, finally reaching an almost similar CL 
value in LT-Rec 96h (87.82±1.54% CL; Fig. 6). The relative 
abundance of lignins was around 3.5–fold lower in both LT and 
LT-Rec 5 h, compared with CL (Fig. 6). However, the relative 
abundance of lignins increased up to 200% in LT-Rec 24 h, 
48 h, 72 h, and 96 h (Fig. 6).

Significant relationships between photosynthetic and cell 
wall composition parameters either expressed on an AIR or on 

Table 1. Leaf water status of H. annuus plants gradually 
subjected to different conditions.

Treatments Ψpd  

(MPa)
Ψmd  

(MPa)
RWC  
(%)

CL -0.12±0.01a -0.27±0.06a 84.54±0.57a

ST-80% FC -0.20±0.02ab -0.35±0.05a 81.17±0.62a

ST-65% FC -0.29±0.05b -0.36±0.05a 79.86±0.68b

ST-50% FC -0.54±0.07c -0.95±0.08b 81.99±0.82ab

ST-40% FC -1.69±0.07d -1.89±0.11c 44.59±2.51c

Treatments’ abbreviations correspond to CL: control; ST-80%, ST-65% 
FC, ST-50% FC and ST-40% FC: short-term water deficit stress at 80%, 
65%, 50% and 40% FC, respectively. Mean values ± SE are shown for 
pre-dawn leaf water potential (Ψpd), midday leaf water potential (Ψmd), 
and leaf relative water content (RWC). Different letters indicate significant 
difference (P≤0.05) across all experimental conditions according to LSD 
test. n=5 in all cases.
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an area basis were found during LT and gradual LT-Rec treat-
ments (Supplementary Table S5). Specifically, a positive cor-
relation between gs and lignins expressed on an AIR basis was 
detected (R2=0.69, P=0.01; Fig. 7A), while expressing lignins 
on an area basis resulted in an increase in the strength of the 
correlation (R2=0.74, P<0.01; Fig. 7B).

Discussion

The application of distinct water availability regimes 
affect photosynthesis differently

Water availability is crucial for plant development, growth, 
and survival (Chaves et al., 2002; 2009; Flexas et al., 2004). 

Since the intensity and the duration of distinct water 
shortage conditions promote different photosynthetic ad-
justments (Chaves et  al., 2009), we reported contrasting 
responses due to ST and LT application. Although AN re-
duction during gradual ST mainly resulted from a gs decline 
(Table 2), LT reached higher AN rates than control because 
of an enhancement in ETR and gm (Fig. 5). These results 
show a clear acclimation response in sunflower leaves that 
emerged after LT application, and agree with the observed 
results from previous studies in the same species (Panković 
et al., 1999; Roig-Oliver et al., 2020a). Nonetheless, gradual 
photosynthesis enhancement during LT-Rec treatments was 
attributed to stomatal opening as well as an increase in bio-
chemical capacity (Fig. 5).

Fig. 2. Relative abundance of main cell wall components during gradual ST application. Treatments’ abbreviations correspond to CL: control; ST-80%, 
ST-65% FC, ST-50% FC and ST-40% FC: short-term water deficit stress at 80%, 65%, 50% and 40% field capacity (FC), respectively. Different letters 
indicate significant difference (P≤0.05) across all experimental conditions according to LSD test. n=5 (means ± SE).

Table 2. Photosynthetic characterization of H. annuus plants gradually subjected to different conditions.

Treatments AN 

(µmol CO2 m−2 s−1)
gs 

(mol CO2 m−2 s−1)
gm 

(mol CO2 m−2 s−1)
WUE 
(µmol CO2 mol−1 H2O)

ETR 
(µmol m−2 s−1)

Rlight 

(µmol CO2 m−2 s−1)

CL 13.92±0.37a 0.33±0.06a 0.18±0.03a 52.08±1.82b 101.74±4.71a 0.93±0.15a

ST-80% FC 10.61±2.36a 0.14±0.03bc 0.12±0.02bc 66.65±5.13b 103.61±18.48a 1.10±0.18a

ST-65% FC 9.69±1.26a 0.19±0.04bc 0.14±0.01ab 69.46±6.90b 90.57±0.84a 1.09±0.09a

ST-50% FC 11.37±1.03a 0.21±0.04b 0.13±0.01abc 69.11±5.86b 102.11±2.29a 0.78±0.11a

ST-40% FC 3.54±0.51b 0.06±0.00c 0.09±0.00c 110.28±12.07a 92.26±18.96a 0.88±0.14a

Treatments’ abbreviations correspond to CL: control; ST-80%, ST-65% FC, ST-50% FC and ST-40% FC: short-term water deficit stress at 80%, 65%, 
50% and 40% FC, respectively. Mean values ± SE are shown for net CO2 assimilation (AN), stomatal conductance to gas diffusion (gs), mesophyll 
conductance to CO2 diffusion (gm), water use efficiency (WUE), electron transport rate (ETR), and light mitochondrial non-photorespiratory respiration rate 
(Rlight). Different letters indicate significant difference (P≤0.05) across all experimental conditions according to LSD test. n=5 in all cases.
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Discrepancies between expressing cell wall 
composition on an area or on an AIR basis

Although the colorimetric protocols that we utilized are well 
contrasted and often used (Ibarz et  al., 2005; Masuko et  al., 
2005; Moreira-Vilar et al., 2014), the obtained results show a 
consistent discrepancy with the general idea that the sum of 
cellulose, hemicelluloses and pectins represents the main pri-
mary cell wall (Carpita and Gibeaut, 1993; Cosgrove, 2005; 
2018; Tenhaken, 2015; De Lorenzo et al., 2019; Anderson and 
Kieber, 2020). This fact suggests that, even being widely ac-
cepted, the accuracy of these methods should be further ana-
lysed and re-evaluated, which in turn may require re-evaluation 
of the main conclusions of those studies in which these proto-
cols were used. Despite this, since calibration curves were per-
formed in triplicate in each reaction ensuring high regression 
coefficients (R2 >0.989 in all cases), we are confident that our 

results reflect the contents of each analysed cell wall com-
pound at least in a semi-quantitative manner.

When using these methods, the concentration of cell wall 
components is often expressed on an AIR basis instead of an 
area or dry mass basis (Rancour et al., 2012; Uddin et al., 2014; 
Clemente-Moreno et al., 2019; Nadal et al., 2020; Roig-Oliver 
et  al., 2020a, b, c). In fact, differences between expressing 
values on an AIR or on an area basis could be attributed to 
different facts. Whilst larger AIR per leaf area could represent 
cell wall thickening and, thus, decreased gm, it would also cor-
respond to increased leaf thickness at constant cell wall com-
position, which may enhance gm. In this regard, if the major 
role of cell wall composition in relation to photosynthesis is 
to define cell wall porosity, it might be more appropriate to 
express cell wall compounds on an AIR basis or even as a 
ratio between them, since it is the proportion rather than their 

Fig. 3. Cell wall composition in relation to photosynthesis during gradual short-term water deficit stress application. Relationship between mesophyll 
conductance to CO2 diffusion (gm) and pectins content expressed on an AIR basis (A), and relationship between the gm/gs ratio and pectins content 
expressed on an AIR basis (B). Relationship between mesophyll conductance to CO2 diffusion (gm) and pectins content expressed on an area basis (C), 
and relationship between the gm/gs ratio and pectins content expressed on an area basis (D). n=5 (means ± SE).
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Fig. 5. Recovery of photosynthetic parameters in H. annuus plants. Treatments’ abbreviations correspond to CL: control; LT: long-term water deficit 
stress; LT-Rec 5 h, LT-Rec 24 h, LT-Rec 48 h, LT-Rec 72 h and LT-Rec 96 h: long-term water deficit stress followed by 5, 24, 48, 72 and 96 h of recovery, 
respectively. Mean values ± SE are shown for (A) net CO2 assimilation (AN); (B) stomatal conductance to gas diffusion (gs); (C) mesophyll conductance to 
CO2 diffusion (gm); (D) water use efficiency (WUE); (E) electron transport rate (ETR); and (F) light mitochondrial non-photorespiratory respiration rate (Rlight). 
Different letters indicate significant difference (P≤0.05) across all experimental conditions according to LSD test. n=5 in all cases.

Fig. 4. Recovery of leaf water status of H. annuus plants. Treatments’ abbreviations correspond to CL: control; LT: long-term water deficit stress; LT-Rec 
5 h, LT-Rec 24 h, LT-Rec 48 h, LT-Rec 72 h, and LT-Rec 96 h: long-term water deficit stress followed by 5, 24, 48, 72 and 96 h of recovery, respectively. 
Mean values ± SE are shown for (A) leaf water potential (Ψ) and (B) leaf relative water content (RWC). Different letters indicate significant difference 
(P≤0.05) across all experimental conditions according to LSD test. n=5 in all cases.
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Fig. 6. Relative abundance of main cell wall components during LT and gradual LT-Rec application. Treatments’ abbreviations correspond to CL: control; 
LT: long-term water deficit stress; LT-Rec 5 h, LT-Rec 24 h, LT-Rec 48 h, LT-Rec 72 h, and LT-Rec 96 h: long-term water deficit stress followed by 5, 24, 
48, 72 and 96 h of recovery, respectively. Different letters indicate significant difference (P≤0.05) across all experimental conditions according to LSD test. 
n=5 (means ± SE).

Fig. 7. Cell wall composition in relation to photosynthesis during long-term water deficit stress and gradual long-term water deficit stress followed by 
recovery. Relationship between stomatal conductance to gas diffusion (gs) and lignins content expressed on an AIR basis (A) and on an area basis (B). 
n=5 (means ± SE).
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absolute concentration which is expected to affect porosity 
(Flexas et al., 2021). Instead, if the role of cell wall composition 
is related to affect the length of the CO2 pathway, to express 
cell wall components on an area basis might be more relevant 
to link them with area-based traits such as photosynthesis and 
gm. Whatever the case, different results were obtained in this 
study by expressing cell wall compounds on an area or on an 
AIR basis. Consequently, we will discuss our results from these 
two perspectives.

Cell wall composition of mature leaves expressed on 
an AIR basis is dynamically modified by different water 
availability conditions

By the application of gradual ST and LT-Rec treatments, we 
could examine in detail how changes in cell wall compos-
ition occurred, noting their high dynamics in mature leaves 
(Figs 2 and Figs 6). Gradual ST application resulted in en-
hanced relative content of pectins, reaching the highest value 
under ST-40% FC (Fig. 2). The fact that water deficit stress 
increases the amount of pectins has been widely described 
(Sweet et al., 1990; Vicré et al., 1999; 2004; Leucci et al., 2008; 
Moore et  al., 2008; Clemente-Moreno et  al., 2019; Nadal 
et al., 2020; Roig-Oliver et al., 2020a, b, c) and this could re-
flect the importance of pectins in maintaining the degree of 
cell wall hydration during water deprivation, which may also 
imply alterations in wall flexibility and extensibility (Leucci 
et al., 2008; Moore et al., 2008; Tenhaken, 2015). This role for 
pectins has been proposed even in resurrection plants, which 
are able to withstand extreme dehydration due to modifica-
tions in physicochemical properties of pectins, as well as in 
their interactions with other cell wall components (Vicré 
et al., 1999; 2004; Moore et al., 2008). Similar to ST applica-
tion and to those results that we previously reported (Roig-
Oliver et al., 2020a), higher pectins content was also detected 
under LT compared with CL, decreasing significantly after 
only 5 h upon recovery (Fig. 6). These results are of high rele-
vance since most studies exploring the dynamics of cell wall 
modifications due to abiotic stresses focused on genetic and/
or proteomic responses instead of compositional analyses, and 
did not address potential changes in time scales as short as 
those evaluated here (Tenhaken, 2015). Interestingly, lignins 
components which are mainly found in secondary cell walls – 
also displayed important variations in their relative abundance 
(Figs 2 and Figs 6), which could be potentially associated with 
alterations in cell wall strength, flexibility, and extensibility 
(Wallace and Fry, 1994; Terrett and Dupree, 2019). Vincent 
et al. (2005) and Terzi et al. (2013) reported that lignin content 
varied after days of water deficit stress application. However, as 
shown here, these modifications occurred more rapidly than 
expected and/or previously reported and were of especially 
large magnitude during gradual LT-Rec, particularly after 
24 h of rewatering, suggesting high responsiveness of lignin 
biosynthesis to different water availability treatments.

The relationship between pectins and gm during 
gradual short-term water deficit stress differs when 
expressed on an area or on an AIR basis

Some studies have recently demonstrated that changes in 
cell wall composition expressed on an AIR basis are re-
lated to photosynthesis, particularly via gm, by testing mature 
leaves developed under well-watered conditions with subse-
quent acclimation to contrasting abiotic stresses (Clemente-
Moreno et al., 2019; Roig-Oliver et al., 2020b, c). Although 
Roig-Oliver et  al. (2020c) detected that changes in cellu-
lose amounts were the main determinant of gm responses in 
grapevines subjected to water deficit stress, growth chamber 
conditions, and Mediterranean summer for a month, species-
specific adjustments emerged when comparing G.  biloba 
and H. annuus submitted to water deprivation for 40 days 
(Roig-Oliver et  al., 2020b). However, here we found that 
modifications in pectins concentration negatively correlated 
with gm modifications occurring during gradual ST (Fig. 
3A), which agrees with the results reported by Clemente-
Moreno et al. (2019) testing salt- and water-stressed tobacco 
for six days. Additionally, we observed for the first time that 
pectins are related to enhancement of the gm/gs ratio during 
gradual ST (Fig. 3B), providing some light on the mechan-
istic basis of the gm/gs ratio regulation, which remains largely 
unknown (Flexas et al., 2013) . In fact, the gm/gs ratio posi-
tively correlates with WUE and could be crucial to simul-
taneously improve both photosynthesis and WUE in crops 
prone to be drought-affected, since gm reflects the CO2 
diffusion and gs accounts for both CO2 and water diffu-
sion towards inside the leaf and the atmosphere, respectively 
(Flexas et  al., 2013). Overall, we suggest that the applica-
tion of ST treatments differing in their degree of water de-
privation promoted accumulation of pectins, which could 
be accompanied by modifications in their physicochemical 
properties as well as in their interactions with other wall 
components, ultimately altering cell wall characteristics that 
affect CO2 diffusion, such as porosity and thickness (Carpita 
et al., 1979; Baron-Epel et al., 1988; Franková and Fry, 2013; 
Lundgren and Fleming, 2020; Flexas et al., 2021). However, 
as shown in Figs 3A, B, all the studies mentioned above 
showed relationships between gm and cell wall composition 
expressing the amounts of a specific cell wall compound on 
an AIR basis. Nonetheless, contrasting conclusions could be 
reached when expressed on an area basis, since in this case 
no connection between pectins and gm or the gm/gs ratio was 
observed (Figs 3C, D, respectively). The fact that these cor-
relations emerge when expressed on an AIR basis but not 
when expressed on an area basis, may suggest that their role 
in determining gm is mostly related to cell wall porosity than 
to total wall diffusion path length. However, this remains 
speculative until more direct approaches become available to 
test the specific role of each cell wall component affecting 
CO2 diffusion.
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The effect of lignins on gs during gradual recovery 
preceded by a long-term water deficit stress when 
expressed either on an area or on an AIR basis

To the best of our knowledge, only the study by Roig-Oliver et al. 
(2020a) has previously examined the effect of LT and LT-Rec on 
cell wall composition and gm by testing mature leaves developed 
under water shortage conditions. However, since in that study 
the number of different treatments was small, correlations among 
parameters were tested by pooling ST and LT data together. 
Nonetheless, the more in-depth study presented here suggests 
that LT plants may behave differently than ST ones. Surprisingly, 
the detailed LT-Rec monitoring that we performed showed that 
larger gs achieved upon recovery was associated with enhance-
ment in lignins amounts expressed on an AIR basis (Fig. 7A), 
and the strength of that correlation increased when lignins con-
tent was expressed on an area basis (Fig. 7B). Whilst Kuusk et al. 
(2018) reported that lignins did not directly affect photosynthesis, 
Roig-Oliver et al. (2020a) found that, when expressed on an AIR 
basis, they were almost significantly correlated with gm combining 
data for sunflowers subjected to short- and long-term water def-
icit stresses followed by recoveries. Additionally, Coleman et al. 
(2008) observed that severe reductions of cell wall lignification 
in transgenic poplar trees were accompanied by a significant gs 
decline, leading to the suggestion that changes in the cell wall 
composition of guard cells as well as in the functioning of specific 
wall enzymes could potentially affect stomatal movements (Gago 
et al., 2016), even under water deficit stress (Choi et al., 2011). 
Although more detailed studies are necessary to elucidate how 
specific changes in cell wall composition of guard cells could 
promote gs adjustments, our results may indicate that even modi-
fications in the overall leaf cell wall composition could have the 
potential to influence gs since this relationship is detected either 
when expressing lignins on an area or on an AIR basis.

This study shows photosynthetic responses and a highly dy-
namic turnover of the main constituents of cell walls in mature 
H. annuus leaves subjected to different levels of water availability. 
Although further studies are necessary to re-evaluate and ameli-
orate the accuracy of the standard colorimetric procedures to 
quantify cell wall compounds, we show that changes in cell wall 
composition are distinctly related to photosynthesis across treat-
ments. During gradual ST, whilst enhanced pectins content ex-
pressed on an AIR basis correlated with down-regulated gm, this 
relationship was non-significant when expressing pectins on an 
area basis. In contrast, LT leaves did not show impaired gm, and the 
detailed monitoring of LT-Rec reflected that photosynthesis was 
gradually increased from LT because of gs and ETR enhance-
ments. These photosynthetic changes occurring upon recovery 
were accompanied by fast modifications in the main composition 
of cell walls, with pectins and lignins being the fastest and most 
widely changing compounds, respectively. In particular, after only 
5 h of rewatering, pectins were present at even lower concen-
trations than control, while lignins drastically increased (>200%) 

after 24 h, being associated with gs increments, even when ex-
pressed on an area or on an AIR basis. Consequently, given that 
the observed responses for most of the traits differed between 
gradual ST as well as during LT and LT-Rec, further studies are 
required to test other species subjected to more conditions by 
using re-evaluated protocols to analyse cell wall composition ac-
curately. This would elucidate the relevance of modifications in 
cell wall composition distinctly affecting photosynthesis.
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