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Abstract: Water deficit severely constrains sugar beet productivity by impairing photosynthetic capacity. However,
the underlying structure-function mechanisms conferring photosynthetic resilience remain poorly characterised.
This study investigates the temporal dynamics of photosynthetic limitations and structural adaptations in sugar beet
during water deficit and subsequent rehydration. We found that water deficit significantly reduced the maximum net

CO, assimilation rate (A ) and the Rubisco carboxylation rate (V.

Nmax: cmax
cal processes. The reduction in photosynthetic capacity is primarily and stably attributed to mesophyll limitation,

) by impairing CO,, diffusion and biochemi-

while contributions from stomatal and biochemical limitations flexibly change with deficit degree and rehydration.
Severe water deficit caused irreversible structural damage that hinders recovery even after rehydration, while mode-
rate water deficit allows partial restoration of leaf and chloroplast function. Partial least squares structural equation
modelling (PLS-SEM) demonstrated that CO, diffusion was governed by the volume fraction of intercellular air space

(f

ias
indirectly influencing mesophyll conductance (g, ) through f,_ mediation (B = 0.53). Severe water deficit caused irre-

, B = 0.28) and surface areas of the chloroplasts exposed to leaf intercellular air spaces (S /S, B = 0.35), with S /S

versible f,__reduction and chloroplast interface damage (59% cell volume loss). These findings establish that resilience
to water deficit in sugar beet depends on mesophyll structural integrity, with f,__and S_/S as key modulators of g
recovery. The study advances understanding of stress recovery mechanisms in sugar beet and provides a framework
for multiscale crop improvement in the context of climate change.
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Sugar beet (Beta vulgaris L.) is one of important
sugar crops, which contributes to 30% of the total
sugar production worldwide (Ghaffari et al. 2021).
Over the past three decades, water deficit has been
the primary limitation to sugar beet production
(Brown et al. 1987, Bloch et al. 2006, Sahin et al. 2014,
Shaaban et al. 2025), resulting in global yield losses
of 10% to 50% (Fitters et al. 2022). With conventional

agronomic approaches reaching their productivity
limits (Flexas et al. 2025), improving photosynthetic
performance under stress conditions has become
crucial for sustaining yield stability (Flexas et al.
2025). Water deficit primarily limits photosynthesis
by restricting CO, diffusion, a process fundamentally
governed by leaf anatomical features (Flexas et al.
2012). However, while recent work has elucidated
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stomatal behavioural strategies (e.g., anisohydric
response, light-triggered optimisation) for water
use efficiency in sugar beet (Barratt et al. 2020), the
structure-function dynamics underlying photosyn-
thetic recovery, particularly the coordination between
mesophyll anatomy and biochemical reactivation
during rehydration, remain largely unresolved.

Photosynthetic limitation under water deficit op-
erates through three interdependent pathways: sto-
matal closure (L)), mesophyll conductance reduction
(1,,), and biochemical impairment (I,) (Grassi and
Magnani 2005). Mechanistically, the decoupling of
stomatal conductance (g,) and mesophyll conduct-
ance (g ) results in non-coordinated development
of I and 1 under water deficit conditions (Flexas
et al. 2012). Although stomatal regulation has been
well-characterised (Tsai et al. 2022), the structural
basis of |  remains controversial. Crucially, under
water deficit conditions, the | determined by g
becomes the predominant and most significant pho-
tosynthetic limitation (Flexas et al. 2012, Zou et
al. 2022). CO,, diffusion from substomatal cavities
to Rubisco active sites encounters: (i) gas-phase
resistance through intercellular airspaces, and (i)
liquid-phase resistance across cell wall-chloroplast
interfaces (Terashima et al. 2011). These structural
parameters exhibit species-specific plasticity during
drought recovery (Flexas et al. 2012).

In sugar beet, preliminary evidence suggests unique
1 regulation patterns (Sagardoy et al. 2010, Dohm
et al. 2014). Unlike tobacco, where g recovers rap-
idly (Galle et al. 2009), or soybean, which shows
irreversible g  decline (Zou et al. 2022), sugar beet
mesophyll may employ intermediate strategies,
a hypothesis supported by its distinctive Kranz-like
anatomy (Dohm et al. 2014). This anatomical spe-
cialisation potentially decouples |  from |  during
rehydration, but the underlying structural dynam-
ics remain unquantified. Furthermore, the relative
contributions of key anatomical determinants (e.g.,
chloroplast repositioning, cell wall remodelling) to
g, recovery in sugar beet have not been systemati-
cally evaluated.

To address these knowledge gaps, we employed
a multiscale approach integrating: (i) time-resolved
partitioning of stomatal (1 ) and mesophyll (1 ) limita-
tions; (ii) anatomical characterisation across scales,
and (iii) mechanistic modelling via partial least
squares structural equation modelling (PLS-SEM).
We hypothesised that the capacity for photosynthetic
recovery is governed by the degree of mesophyll
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structural preservation, with severe stress induc-
ing irreversible damage to the chloroplast-airspace
interface (S_/S), the pivotal determinant of g _ resil-
ience. By testing this framework, we aim to establish
causal links between leaf anatomy and g recovery,
advancing both the fundamental understanding of
photosynthetic acclimation and the development of
targeted breeding strategies for drought-resilient
sugar beet.

MATERIAL AND METHODS

Plant material and water deficit treatments. Field
trials were conducted in 2017 at the Agricultural
College of Shihezi University, Xinjiang, China
(45°20'N, 86°40'E), an arid continental region.
The experimental soil was a Calcaric Fluvisol with
a field capacity (FC) of 19% and a saturated water
content (SWC) of 26%. The experiment comprised
three distinct phases (see the timeline in Figure 1).
Sugar beet (cultivar 356) was grown under standard
irrigation until the canopy growth stage (defined as
the period from the 9t to the 28" leaf expansion,
a known water-sensitive period). During this sensi-
tive stage, three constant soil-water regimes were
imposed by daily gravimetric adjustment: (i) well-
watered control (CK, 70% FC); (ii) moderate water
deficit (M, 50% FC), and (iii) severe water deficit
(S, 30% EC). Irrigation was triggered for a given
plot when its soil water content fell to the specified
lower limit of its treatment (i.e., 70, 50, or 30% of
FC). At each irrigation event, water was applied
to restore soil moisture to SWC. After the canopy
growth stage ended, all plots, including the deficit
treatments, were returned to the control irrigation
schedule (70% FC) until harvest.

Gas exchange measurements. Gas exchange was
measured on the same young, fully expanded main
leaf per plant using a portable open-flow system
(Li-6400xt; Li-Cor, Inc., Lincoln, USA). A standard,
practical in-situ check for chamber integrity was
implemented before measurements. Specifically,
before and during measurements, the chamber gas-
kets were inspected, and a qualitative seal-check was
performed. This involved gently applying positive
pressure from a gas bag containing elevated CO,
around the sealed IRGA chamber’s gasket interface
while monitoring the stability of the sample cell CO,
concentration (Csamp). Astable C_,  reading during
this procedure indicates an effective seal. For each
treatment, three representative plants with 6-8 leaves
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Figure 1. Three different regulated deficit irrigation (RDI) treatments i.e. control (CK), moderate deficit irriga-
tion (M), and severe deficit irrigation (S) were set up during the canopy development stage. FC — field capacity;
SWC - saturated water content. The blue rectangles represent the irrigation record and the green rectangles

represent the sampling record

were selected. Light-response curves were generated
by sequentially adjusting the photosynthetic photon
flux density (PPFD) to 2 000, 1 800, 1 500, 1 200,
1000, 800, 500, 300, 200, 150, 100, 50, and 0 pmol/m?/s.
The reference CO, concentration in the leaf cham-
ber (C,) was maintained at 400 pmol/mol. At each
PPFD level, measurements were recorded after net
assimilation rate (A) and stomatal conductance (g)
stabilised (typically 2—3 min). A non-rectangular
hyperbola model (Farquhar et al. 1980) was fitted to
derive the maximum net assimilation rate (A . )
and apparent quantum efficiency (a). Following
the light-response measurements on the same leaf,
A-C, curves were obtained at a saturating PPFD of
1 800 pmol/m?/s and a leaf temperature of 30 °C.
The leaf chamber CO, concentration (C,) was se-

quentially set to 400, 300, 200, 100, 50, 400, 600, 800,
1000, 1 200, 1 500, and 1 800 pmol/mol. At each C,
step, gas exchange parameters were logged after full
equilibration (typically 3—-5 min per step, with the
initial transition to 50 pmol/mol requiring ~30 min).

The maximum carboxylation rate of Rubisco (V___ )
was estimated by fitting the Farquhar-von Caemmerer-
Berry (FvCB) biochemical model (Farquhar et al. 1980)
to the net assimilation rate versus chloroplastic CO,
concentration (A-C ) curves. The chloroplastic CO,
concentration (C ) was calculated as Cc = C, - A/g_,
where C; is the intercellular CO, concentration and
g, is the mesophyll conductance. The g value was
simultaneously estimated from the same A-C, curves
using the variable ] method (Harley et al. 1992), and
dark respiration (R,) was fitted as a free parameter
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during the nonlinear regression. This approach ex-
plicitly accounts for the finite and stress-sensitive g _,
thereby avoiding the substantial overestimation of
V_ay that occurs when g is assumed to be infinite
(Flexas et al. 2012).

Chlorophyll fluorescence and estimation of
mesophyll conductance. To complement the gas
exchange measurements and to derive an independent
estimate of electron transport rate for model param-
eterisation, chlorophyll fluorescence was measured
on the same leaves used for the A -PPFD and A-C,
curves. Following a 30-min dark-adaptation period,
a pulse-amplitude-modulated fluorometer (PAM-2500;
Walz, Germany) was used. The quantum yield of
photosystem II (OPSII) was determined at a series of
actinic light intensities (0, 11, 36, 69, 106, 146, 203,
368, 624, 986, 1 165, and 1 391 pmol photons m?/s).
At each light level, measurements were taken after
stabilisation (approximately 60 s).

The curve-fitting method introduced by Sharkey
(2016) was used to obtain an alternative estimate
of mesophyll conductance (g _). This method was
based on changes in the curvature of the A-C, re-
sponse curves owing to a finite g_. By nonlinear
curve fitting, minimising the sum of the squared
model deviations from the data, g can be estimated
from the observed data.

The quantum efficiency of the photosystem II
photochemistry (OPSII) was calculated as follows:

Fm/—Fs
- (1)

Ppgyp = ot

J, Was then calculated as follows:

Jau = Ppsu X PPFD X a X B (2)
where: PPFD — photosynthetically active photon flux den-
sity; a — leaf absorptance; p — partitioning of the absorbed
quanta between photosystems II and I (PSI and PSII). o and
[ were assumed to be 0.85 and 0.5, respectively. These values
represent standard estimates widely adopted for C; plants
under non-stressed conditions (Von Caemmerer 2000)
and have been applied in comparable studies on sugar beet
(Sagardoy et al. 2010).

g,, was estimated using the variable ] method
(Harley et al. 1992) as follows:
An
I x []ﬂU+8(AN+Rd)] (3)

Jau—scaniny)

8m

G-

where: ['* — CO, compensation point in the absence of mito-

chondrial respiration and is expressed as follows:

Y= —___ 24460
I"=exp (13'49 8.314-><(273.15+TL))

(4)
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where: T| — leaf temperature (°C); R, — day respiration; A
and C, — obtained from gas exchange measurements under

saturated light.

The calculated values of g  were used to convert
the A -C, curves into A -chloroplast CO, concen-
tration (C ) curves using the following equation:

C=Ci—2 (5)
8m

Electron microscopy. Leaf samples (1 x 1 cm) were
cut from the upper part of sugar beet and immediately
placed in FAA solution (5 mL of formaldehyde, 5 mL of
glacial acetic acid, and 90 mL of 70% alcohol) and de-
posited in the refrigerator at 4 °C. For anatomical anal-
ysis, 8—10 samples were obtained and fixed; 3—5 fixed
samples were selected for slice preservation, and all
slices were measured to obtain the final data. The
sections were prepared and photographed using an
electron microscope (Zeiss Imager. M2, Germany);
the photos were processed using Motic Imagers
Advanced 3.2 software.

Leaf samples (1 x 4 mm) were cut from the same
position and placed in a 2.5% glutaraldehyde fixative
solution, which was then subjected to a vacuum to
ensure that the samples sink. After 3 h, the samples
were washed three times with 0.1 mol/L phosphate
buffer and then transferred into 1% osmium acid
for 2 h. The samples were washed three times with
0.1 mol/L phosphate buffer and dehydrated using
acetone gradients of 30, 50, 70, 80, 90, and 100%.
Sections were prepared using a LEICAUC 6 Ultrathin
Slicer, which was double-stained with uranyl acetate
and lead citrate. Sections of each sample were placed
on a copper net, observed, and photographed using
a JEM-1230 transmission electron microscope.

The surface areas of the mesophyll cells and chlo-
roplasts exposed to leaf intercellular air spaces (S /S
and SC/S, respectively) were calculated as follows
(Syvertsen et al. 1995):

Sim _ LmesXF (6)
S w

S¢ _ L¢xF

5= "W (7)

where: L
mes

intercellular air space in the palisade tissue section; L —

— total length of the mesophyll cells facing the

total length of the chloroplast surface area facing the inter-
cellular air space in mesophyll cells; F — curvature correction
factor, which depends on the shape of the cells (Thain 1983,
Evans et al. 1994); W — width of the section.

The volume fraction of intercellular air space (f,)
was determined as follows:
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% Sc
fias =1- e X W (8)

— mesophyll thickness between the two epi-

where: t_
dermal layers; £S_ — sum of the cross-sectional area of the

mesophyll cells.

Chloroplast length (L ;) and thickness (T ) were
measured at different positions in each sample at x 30000
magnifications. For a given section, all characteris-
tics were determined using at least three different
fields of view, and at least three different sections
were analysed. As the cross-sections of chloroplasts
are assumed to be oval, the cross-sectional area of
the chloroplast (Area ;) in the palisade or spongy
tissue sections was calculated as follows:

Areagy = T X Ly X Ty 9)

where: 11 — ratio of the circumference of a circle to its diam-

eter.

Relative limitation analyses on A . The relative
limitations on A, were analysed according to Grassi
and Magnani (2005), including relative stomatal (1),
mesophyll (I ), and biochemical limitations (I,).
1 was calculated using the g calculated from gas
exchange and fluorescence measurements following
(Harley et al. 1992). Anatomical characteristics were
analysed using the model of Niinemets and Reichstein
(2003) modified by Tosens et al. (2016). The relative
changes inl, 1 ,and 1, were calculated as follows:
g 0A
P

TS C

(10)

8m 6CC
Ay
+ 6CC

(11)
8ot
Stot

8ot T acc

I, = (12)
where: g — total conductance for CO, from the leaf surface
to the carboxylation sites (1/g, = 1/g  + 1/g_); 1,1, and
1, — corresponding relative limitations (0 <1, < 1,i=s, m, b).
0A,/9C_ was calculated as the slope of the A -C, response
curve over a C_ range of 50-100 pmol/mol (Tomas et al.
2013). The lS, lm, and lb were first calculated at the level of the
individual biological replicate. Treatment means and meas-
ures of variation (e.g., standard error) were then computed
from these replicate-level values.

Structural equation modeling. Partial least
squares structural equation modeling (PLS-SEM)
was conducted to quantify the direct and indirect
effects of leaf structural traits on mesophyll conduct-

ance (gm). All indicators were standardised prior to
analysis. Model specification and estimation were
performed using SmartPLS 4.0 (Hair et al. 2022) with
the path weighting scheme and a maximum of 300
iterations. Discriminant validity via Fornell-Larcker
criterion. The significance of path coefficients was
evaluated using bootstrapping with 5 000 resamples
(two-tailed test).

Statistical analysis. Data were analysed using SPSS
(version 12.0, IBM Corp., Armonk, USA). Prior to
parametric analysis, the underlying assumptions were
verified: normality of residuals was assessed using the
Shapiro-Wilk test, and homogeneity of variances was
checked with Levene’s test. For data that violated these
assumptions, an appropriate logarithmic transforma-
tion was applied. If the transformed data still did not
meet the assumptions, the non-parametric Kruskal-
Wallis test was used instead of ANOVA. For one-way
ANOVA with a significant overall effect (P < 0.05),
Duncan’s new multiple range test was employed for
post-hoc pairwise comparisons among treatment
means. All results are presented as mean + stand-
ard error (SE). Figures were generated using Origin
(Version 8.5, OriginLab Corp., Northampton, USA).

Data availability. Raw data were generated using
LI-6400/XT (LI-COR, Lincoln, USA), PAM-2500
(WALZ, Effeltrich, Germany), and CX33 (OLYMPUS,
Tokyo, Japan). Data supporting the findings of this
study are available from the corresponding author
(fanhua@shzu.edu.cn) upon request.

RESULTS

Photosynthetic responses to water deficit and
rehydration. The photosynthetic response of A
to PPFD showed significant differences on Day 1,
but the response curves became highly consistent
on Days 3, 4, and 5 under varying soil water deficit
conditions (Figure 2). On Day 1, the photosynthetic
rate increased with PPFD in all treatments, with the
CK treatment having the highest rate, followed by
M and then S. By Day 3 and 4, the photosynthetic
rates had increased across three water deficit treat-
ments, although the CK treatment still had the highest
rates, but the differences among treatments were less
significant. By Day 5, the photosynthetic rates had
further increased for three water deficit treatments,
with the CK treatment still maintaining the highest
rates. Overall, the CK treatment consistently sup-
ported higher photosynthetic rates across different
PPED levels and days.
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Figure 3. Photosynthetic rate expressed on the basis of intercellular CO, concentration (C,) for control (CK),
moderate deficit irrigation (M), and severe deficit irrigation (S) treatments on Day 1, Day 3, Day 4, and Day 5
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Table 1. Comparison of maximum net photosynthetic rate (A . ) parameters from light response curves, maxi-

mum carboxylation efficiency (V ) parameters from CO, response curves, and their coefficients of variation
among control (CK), moderate deficit irrigation (M), and severe deficit irrigation (S) treatments

A mol/m?/s \% mol/m?/s

Treatment Nmax (B ) cmax (H )
Day 1 Day 3 Day 4 Day 5 Day 1 Day 3 Day 4 Day 5
CK 33.30 30.40 36.15 38.02 48.62 45.93 57.05 60.94
+5.26 +2.92 + 0.96 + 3.27 + 3.36 + 1.54 + 5.85 + 3.21
M 27.35 31.64 27.61 28.49 47.62 47.21 51.43 57.25
+ 0.92% +1.91 + 1.77% + 1.28% + 6.05 +2.38 +6.29 + 2.00
S 13.63 20.55 28.45 25.96 24.30 45.14 47.43 49.61
+ 2.19*%* + 3.21% + 2.09* + 2.20% + 1.17%* + 2.88 + 2.57% + 4.25%

CV (%) 26.99 19.43

The photosynthetic response of A to C, initially
increased with rising C, levels, eventually reaching
a plateau, which indicates the saturation point of
photosynthesis (Figure 3). Under the CK condition,
A, exhibited a pronounced increase from Day 1
to Day 5, reflecting enhanced photosynthetic ef-
ficiency following rehydration. A similar trend was
observed in the M condition, although its plateau
occurred at a slightly lower C, indicating reduced
photosynthetic efficiency. In contrast, the S condi-
tion showed a slower increase in A, with the plateau
occurring at the lowest C, level, suggesting impaired

photosynthetic capacity. Additionally, the apparent
photosynthetic rate (A.,) was generally lower than
the actual photosynthetic rate (A ) under the three
water deficit conditions, suggesting that photores-
piration or other limiting factors were influencing
the photosynthetic process.

From Day 1 to Day 5, all three treatments showed
increases in both the maximum net CO2 assimila-
tion rate (ANmax) and the maximum Rubisco car-
boxylation rate (V. ). Ay, generally increased
across the three treatments from Day 1 to Day 5, with
initial values of 33.30, 27.35, and 13.63 pmol/m?/s

100
1,
I
(N
80 —
;\?
=
2 60
g
g2
=4
g Figure 4. Relative contri-
2 .
2 40 butions of stomatal (1),
E mesophyll (1 ), and bio-
< chemical (I,)) limitations
to AN. Percentages are
20 shown for control (CK),
moderate (M), and se-
vere (S) water deficit
treatments on Days 1,
0 3,4, and 5. These values

represent the proportion

of total limitation
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Table 2. Absolute photosynthetic limitations under
different water deficit treatments

Photosynthetic limitations (umol/m?/s)

Treatment
Day 1 Day 3 Day 4 Day 5
CK 11.60 2.34 7.31 4.52
+0.081 + 0.004 +0.001 +0.001
M 1.68 10.11 0.22 4.07
+0.005** +0.015** + 0.000** + 0.001
S 1.20 1.92 9.64 1.93
+0.002** +0.001* +0.005* + 0.000*

CK - control; M — moderate deficit irrigation; S — severe
deficit irrigation

under CK, M, and S treatments, respectively, and
reaching 38.02, 28.49, and 25.96 pmol/m?/s on Day
5. Similarly, V__for the CK, M, and S treatments
increased from 48.62, 47.62, and 24.30 pmol/m?/s
to 60.94, 57.25, and 49.61 pmol/mz/s, respectively.
The coefficient of variation (CV) for A andV__
was 26.99% and 19.43%, respectively, indicating that
measurements of A were more variable than
those of V___ (Table 1).

Temporal dynamics analysis of photosynthetic
limitations. On Day 1, the relative contribution of
stomatal limitation (1) to the total limitation of A
was highest in the S treatment, intermediate in M,
and lowest in CK (Figure 4). Concomitantly, the abso-
lute value of | also increased with stress severity. In
contrast, the relative contribution of mesophyll limi-
tation (1 ) exhibited an inverse pattern, constituting
the majority (> 65%) of the total limitation across all
treatments. From Day 3 to Day 5 during rehydration,
the proportion of I remained nearly unchanged in the

0354 ° o CK y =-0.15x+0.21
N 2 _ =
.o e M R*=048 P=0.012
0.30 e S y =-1.12x+0.59
R}=0.81 P=0.000
0.25 - y =-0.68x+0.40
R?=0.79 P=0.000
0.20 1
0.15 4
0.10- ° §

0.1 0.2 0:3 0:4 0:5 0.6 0.7
g, (mol H,O/m?/s)
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CK treatment. In contrast, both M and S treatments
showed a reduction in the relative proportion of 1,
indicating a shift in the partitioning of limitations
post-irrigation. Biochemical limitation (I,) displayed
adynamic response: it was highest in the S treatment
on Day 1, decreased in both M and S treatments on
Days 3 and 4, but by Day 5, its relative proportion
had increased again to a considerable level in the S
treatment. This late increase in the proportion of I,
under severe stress occurred alongside persistently
high absolute limitations, suggesting a progressive
failure of biochemical recovery mechanisms. These
proportional shifts (Figure 4) occurred alongside
a substantial increase in the absolute magnitude of
each limitation under water deficit. The absolute
values of ls, lm, and lb limitations, which quantify
the actual constraint on CO, assimilation (Table 2).
Stomatal limitation (1)) exhibited a highly significant
negative correlation with g_in the CK (P < 0.05), M
(P < 0.001), and S (P < 0.001) treatments, indicat-
ing that the contribution of I to photosynthetic
rate was directly dependent on stomatal behaviour
(Figure 5). Similarly, 1  showed a strongly negative
relationship with g in both CK and M treatments
(P <0.01). However, thel —g correlation weakened
substantially under S treatment, where three outliers
suggested the emergence of non-diffusional limita-
tions under extreme water stress (Figure 5).
Temporal modifications in leaf and chloroplast
architecture. On Day 1, the S treatment exhibited
significant increases in leaf thickness, mesophyll
thickness, and mesophyll cell area by 15, 7, and 17%,
respectively, compared to the CK treatment (Figure 6,
Table 3). Conversely, the mesophyll cell volume in the

0.8 1
0.7 4
0.6 4
_=
y =-5.83x+1.29
0.5 R2=0.64 P=0.001
° -

y = -3.14x+0.99

0.4 R2=0.89 P=0.000

° y =-1.20x+0.73

0.3 1 R?=0.18 P=0.251

0.06 0.08 0.10 0.12 0.14

g, (mol CO,/m?/s)

Figure 5. Relationships between photosynthetic limitations and conductance, and statistical validation of slope

differences. CK — control; M — moderate deficit irrigation; S — severe deficit irrigation
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Figure 6. Microstructural dynamics of sugar beet leaves across water deficit and rehydration phase. (A-D) dis-

play the microstructure of leaves from the control (CK) treatment on Day 1 (A), Day 3 (B), Day 4 (C), and Day 5

(D). (E-H) depict the microstructural changes in leaves subjected to moderate water deficit (M) on Dayl (E),
Day 3 (F), Day 4 (G), and Day5 (H). (I-L) capture the leaf microstructure under severe water deficit (S) on Day1

(I), Day 3 (J), Day 4 (K), and Day5 (L)

M treatment decreased significantly by 33% relative
to the CK treatment. Additionally, the S_/S and f, _in
the M and S treatments decreased significantly by 10%
and 23%, and 15% and 21%, respectively, compared
to the CK treatment. Following irrigation on Day 3,
the M treatment showed significant increases in
leaf thickness, mesophyll thickness, and mesophyll
cell area of 7, 11, and 26%, respectively, compared
with the CK treatment. In contrast, the S treatment
exhibited a significant increase in mesophyll cell
volume by 38% relative to the CK treatment, while
S./Sandf, decreased significantly by 14% and 13%,
respectively, compared to the CK treatment. On Day 4,
the S treatment displayed significant decreases in
leaf thickness, mesophyll thickness, mesophyll cell
area, mesophyll cell volume, the Sm/S, SC/S, and f.

1as

by 29, 28, 50, 59, 26, and 19%, respectively, compared

to the CK treatment. Moreover, the f, _in both the
M and S treatments decreased significantly com-
pared to the CK treatment. By Day 5, leaf thickness,
mesophyll thickness, mesophyll cell area, and S_/S
in the M and S treatments decreased significantly,
while S /S and f,__increased significantly compared
to the CK treatment.

On Day 1, the M treatment exhibited a reduction
of approximately 21% in chlorophyll (a + b) con-
tent, while the S treatment experienced a more pro-
nounced decrease of about 52% in chlorophyll (a + b)
and a 53% decline in the chlorophyll a/b ratio (Table 4).
The chloroplast number in the M and S treatments
significantly decreased by 38% and 40%, respec-
tively, compared to the CK treatment. The Area
in the M treatment significantly decreased by 13%
and 16% compared to the CK and S treatments,
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Table 3. Leaf thickness, leaf mesophyll thickness, mesophyll cell area, mesophyll cell volume, the cross-sectional
areas of mesophyll cells and chloroplasts exposed to leaf intercellular airspaces (S /S and S_/S; um?/um?), the
volume fraction of intercellular air space (fias) under CK, M and S treatments on Day 1, Day 3, Day 4, and Day 5

Leaf thickness Leaf mesophyll ~ Mesophyll = Mesophyll cell

0,
Treatment (um) thickness (um) cell area (um?) volume (um?) Sl S S./5 fias (%)
CK 0.46 0.41 0.36 0.021 1.17 0.60 0.53
+ 0.009 + 0.003 +0.013 + 0.006 + 0.024 + 0.017 + 0.005
Davl M 0.47 0.41 0.33 0.014 1.15 0.54 0.45
Y + 0.026 + 0.017 +0.018 + 0.003* +0.015 +0.016* + 0.016*
S 0.53 0.44 0.42 0.023 1.22 0.46 0.42
+ 0.009* + 0.019% + 0.022* + 0.005 + 0.043 + 0.007* + 0.005*
CK 0.46 0.38 0.31 0.016 0.88 0.65 0.52
+ 0.003 + 0.031 +0.012 + 0.004 + 0.007 + 0.025 + 0.008
Dav3 M 0.49 0.42 0.39 0.020 1.01 0.71 0.57
Y + 0.020* +0.017* +0.018* + 0.001 + 0.045 + 0.009 +0.010
S 0.48 0.41 0.37 0.022 1.01 0.56 0.45
+ 0.027 + 0.020 +0.017 + 0.004* + 0.044 + 0.023* + 0.005*
CK 0.58 0.50 0.52 0.027 1.14 0.62 0.53
+0.021 + 0.010 + 0.024 + 0.002 + 0.045 + 0.004 + 0.022
Davd M 0.57 0.50 0.51 0.023 1.13 0.59 0.47
Y + 0.009 +0.013 + 0.012 + 0.007 + 0.030 +0.016 + 0.031*
S 0.41 0.36 0.26 0.011 0.84 0.50 0.46
+0.017% + 0.018** + 0.002** + 0.003** +0.018* +0.017% + 0.014*
CK 0.63 0.54 0.56 0.020 1.40 0.53 0.47
+ 0.016 + 0.007 + 0.021 + 0.002 + 0.014 + 0.016 +0.012
Dav5 M 0.51 0.44 0.40 0.018 1.07 0.59 0.51
Y + 0.006* +0.011* +0.021* + 0.001 +0.011* +0.012* +0.013*
S 0.43 0.39 0.31 0.015 1.05 0.61 0.56
+ 0.018** + 0.005* + 0.030* + 0.004 + 0.015* + 0.013* + 0.012%

Table 4. Chlorophyll a + b (chl (a + b)), the ratio between chlorophyll a and chlorophyll b (chl a/b), chloroplast
number, chloroplast length and chloroplast thickness and the cross-section area of chloroplast (Area ;) under
CK, M and S treatments by the Day 1, Day 3, Day 4, and Day 5

Chl (a +b) Chl a/b Chloroplast Chloroplast Chloroplast Area

Treatment chl
(mg/L) (%) number length (um)  thickness (um) (um?)

CK 21.74 2.52 20.00 6.42 2.41 48.31

+2.52 +0.23 + 3.61 +0.19 +0.13 +7.05

Day 1 M 17.10 2.45 12.33 5.75 2.32 41.97
Y +2.45* +0.38 +2.52% +0.30 +0.17 +5.14*

S 10.38 1.18 12.00 5.54 2.87 49.98

+ 1.18** +0.01% + 1.58% +0.31 +0.16 + 5.86

CK 16.64 1.97 12.00 6.33 2.61 52.25

+1.97 +0.07 +1.13 + 0.55 +0.14 +6.92

Dav 3 M 16.20 2.31 10.33 5.77 2.32 42.13
Y +2.31 +0.21* +1.06 +0.67 +0.18 + 6.74*

S 11.32 1.75 13.33 6.17 2.45 47.06

+ 1.76* +0.19 + 1.53 +0.78 +0.28 + 3.28%

CK 17.06 2.11 14.67 5.64 2.39 42.10

+2.11 +0.18 +2.03 +0.43 +0.13 + 8.57

Dav 4 M 15.26 2.27 18.00 5.65 2.25 39.86
Y +2.27 +0.10 +1.12% +0.11 +0.11 + 3.09

S 19.03 2.39 17.67 5.85 1.89 37.79

+ 2.39 + 0.05 + 1.53* + 0.44 +0.13* + 3.66*

CK 12.73 2.31 10.67 6.13 3.14 60.69

+2.31 +0.13 + 1.50 +0.21 + 0.06 + 7.34

Dav 5 M 13.02 2.27 9.33 7.81 2.37 58.11
Y + 2.27 +0.16 + 0.58 + 0.38% + 0.08% + 4.49%

S 17.25 2.18 8.33 5.04 2.90 46.01
+2.19% +0.13 + 0.24* +0.18% +0.12% + 7.68%*
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Figure 7. Chloroplast ultrastructure in sugar beet under different water treatments. (A-D) display the chloro-
plast ultrastructure on Day 1 (A), Day 3 (B), Day 4 (C), and Day 5 (D) under the control (CK) treatment. (E-H)
show the changes in chloroplast ultrastructure on Day 1 (E), Day 3 (F), Day 4 (G), and Day 5 (H) under moderate
(M) water deficit. (I-L) capture the chloroplast ultrastructure on Day 1 (I), Day 3 (J), Day 4 (K), and Day 5 (L)

under severe (S) water deficit

respectively. On Day 3, the S treatment showed
a substantial decrease in chlorophyll (a + b) content
by 32% compared to the CK treatment. The chloro-
phyll a/b ratio increased by 17% in the M treatment,
while Area , decreased by 19% compared to the
CK treatment. On Day 4, chloroplast numbers in
the M and S treatments increased by 23% and 20%,
respectively, compared to the CK treatment. The
chloroplast thickness and Area ; in the S treatment
significantly decreased by 21% and 10%, respectively,
compared to the CK treatment (Figure 7, Table 4). By
Day 5, the S treatment demonstrated an increase in
chlorophyll (a + b) content by about 26% compared
to the CK treatment. The chloroplast number in the
S treatment significantly decreased by approximately
22% compared to the CK treatment. Furthermore, the
length, thickness, and SC/S in the S treatment were
reduced by 15, 12, and 23%, respectively, compared
to those in the CK treatment.

Structural determinants of g . The scatterplots
reveal significant correlations between g and several
structural indicators, including leaf thickness, mesophyll
thickness, Sm/ S, mesophyll cell area, mesophyll cell vol-
ume, fias, chloroplast number, chloroplast length, chlo-
roplast thickness, chloroplast area, and S /S (Figure 8).
The relationship between g and f, _reveals a positive
correlation, suggesting that an increase in f;_is asso-
ciated with an enhancement in g . The relationship
betweeng andS /S also shows a positive correlation.
The positive correlation between g  and structural
indicators including f;_ and S /S underscores the im-
portance of optimising intercellular air space structure
to improve photosynthetic efficiency.

The partial least squares structural equation model-
ling (PLS-SEM) demonstrates a direct positive effect of
theS /Song_,withastandardised path coefficient (f3)
0f0.35 (P < 0.01). Additionally, the PLS-SEM reveals a
direct positive effect of the f, ong_, with a standard-
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Figure 8. Scatterplot matrix showing the relationships between mesophyll conductance (gm) and leaf thick-
ness (LT), mesophyll thickness (MT), the cross-sectional areas of mesophyll cells exposed to leaf intercellular
airspaces (S _/S), mesophyll cell area (MA), mesophyll cell volume (MV), the volume fraction of intercellular
air space (f;, ), chloroplast number (CN), chloroplast length (CL), chloroplast thickness (CT), chloroplast area
(CA), the cross-sectional areas of chloroplasts exposed to leaf intercellular airspaces (S_/S)

ised path coefficient () of 0.28 (P < 0.01). Furthermore,
the PLS-SEM indicates an indirect effect of S_/S on
g, mediated through f, . The path coefficient from
S/Stof,  isP=0.63 (P < 0.01). The product of these
path coefficients (0.63 x 0.28) yields an indirect effect
of 0.18, suggesting that changes in S /S can indirectly

S/S

60

influence g  through its effect on f__. The total effect
of S /Song_ isthe sum of the direct effect (0.35) and
the indirect effect (0.18), resulting in a total effect of
approximately 0.53. This indicates that a significant
portion of the influence of S /S on g _ is mediated
through f,  (Figure 9).

Figure 9. Partial least squares structural
equation modeling (PLS-SEM) depicting
effects of the surface of chloroplasts ex-
posed to leaf intercellular airspaces (S _/S)
and the volume fraction of intercellular
air space (f, ) on mesophyll conductance
(g,,) in sugar beet. *P < 0.05; **P < 0.01
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DISCUSSION

Photosynthetic limitations under water deficit-
rehydration: decoupling of stomatal and meso-
phyll recovery. Photosynthetic acclimation to water
stress and rehydration involves complex coordina-
tion between diffusional and biochemical processes
(Flexas and Carriqui 2020). In this study, both M
and S water deficits significantly decreased A~
and V__ in sugar beet (Table 1), indicating that
water deficit directly affects the ability of sugar beet
leaves to capture and utilise CO, (Zou et al. 2022).
Although rehydration improved A and V__  in
the M and S treatments, their inability to attain the
levels observed in the CK treatment (Table 1), in
conjunction with the sustained reductions in f;_ . and
S./S (Table 3), indicates that long-term or partially
irreversible constraints persisted in the photosyn-
thetic apparatus (Flexas and Carriqui 2020). The
persistent predominance of 1  during the recovery
phase (Figure 4) suggests that these constraints were
strongly associated with limitations in CO, diffu-
sion and carboxylation. The observed reduction in
Vo ax evidenced by a low coefficient of variation
(19.43%) across treatments (Table 1), is consistent
with a sustained biochemical limitation. This could
be explained by several non-exclusive mechanisms,
including a reduction in Rubisco content or activa-
tion state, limitations in RuBP regeneration capacity,
or downstream metabolic impairments (Yamori et
al. 2006). In the absence of direct measurements of
Rubisco activity or content, we cannot definitively
pinpoint the primary biochemical lesion; however,
the stability of the V_ . depression points toward
alterations in the carboxylation machinery rather
than transient regulatory adjustments.

Notably,] dominated water deficit and rehydration
stages in sugar beet in relative terms (Figure 4), pro-
viding a direct explanation for the severe suppression
of Ay under stress. This contrasts with Vitis, where
I, and 1  balanced during acclimation (Flexas et al.
2009). This difference reveals species-specific coor-
dination patterns between stomatal and mesophyll
responses. In sugar beet, the sustained dominance
of | may prioritise the maintenance of mesophyll
structure under stress, potentially facilitating post-
drought recovery at the cost of immediate photosyn-
thetic carbon gain (Chaves et al. 2009). In grapevine,
astronger coupling between 1_and1_ aligns with its
pronounced stomatal sensitivity to water potential,
a key component of embolism avoidance in woody

species (Flexas et al. 2009). Both M and S treatments
enhanced the control of g_over |, as evidenced by
steeper regression slopes (Figure 5). This indicates
a sensitised stomatal response to prioritise water
conservation (Velikova et al. 2018). Concurrently, the
absolute stomatal limitation increased significantly,
contributing substantially to the total A reduction.
The slope of|_—g  regression under CK (-5.83) and
M (-3.14) reflects a progressive loss of mesophyll
compensatory capacity (Figure 5). This was paralleled
by a dramatic rise in the absolute lm, which became the
largest single component restricting A under severe
stress. In the S treatment, although |  remained tightly
coupledtog,1 became increasingly dominated by
non-diffusional factors. The decoupling of |  from
g,.» alongside its high absolute value, demonstrates
that stomatal behaviour operated independently of
amesophyll function that was severely and persistent-
ly constrained, both structurally and biochemically
(Flexas et al. 2012). When interpreting the magni-
tude of I , it should be noted that the calculation
of C, in this study relied on g_. Under severe water
deficit, when stomatal aperture is minimal, unac-
counted cuticular conductance may lead to a slight
overestimation of C. This, in turn, could result in
a conservative estimate of the reductioning_andl .
Future studies incorporating direct measurements
of cuticular conductance would refine the accuracy
of partitioning diffusional limitations under extreme
drought conditions.

Structural adaptation in response to water defi-
cit-rehydration. The observed cellular responses to
water deficit and rehydration reveal distinct patterns
of structural adaptation and recovery limitations.
Notably, the S treatment induced significant cellular
expansion, characterised by a 15% increase in leaf
thickness and a 17% enlargement in mesophyll cell
area on Day 1 (Table 3). These dimensional increases,
which may occur during the early phase of water
deficit before bulk tissue turgor loss is complete,
were associated with marked reductions in CO,
diffusion capacity (21% decrease in f;_, 23% decline
in S _/S). This counterintuitive combination can be
explained if initial osmotic adjustment and cell wall
loosening in some mesophyll cells transiently main-
tain or even promote localised expansion, while
adjacent cells or tissues begin to lose volume. This
differential behaviour could lead to the mechanical
compression of intercellular air spaces, creating
a physical barrier to gas exchange (Flexas et al. 2012).
We note that measurements from 2D sections may
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also accentuate the apparent size of remaining cells
if surrounding cells collapse. Regardless of the proxi-
mate cause, the net structural outcome, a collapse
of airspace network, aligns with previous reports of
drought-induced mesophyll deformation that com-
promises CO, conductance (Rachana et al. 2024).
While the M treatment exhibited rapid restoration
of leaf morphology, with 7-26% increases in struc-
tural parameters by Day 3, the persistent depression
of S /S and f, _ values below control levels suggests
a temporal decoupling between cellular reinflation
and the reestablishment of functional airspace net-
works. This lag implies that the reconstruction of
gas diffusion pathways takes longer than simple
turgor recovery (Ruehr et al. 2019). More critically,
the S treatment showed only transient volumetric
recovery, with a 38% rebound in cell volume, without
corresponding improvements in S /S or f,_, indicat-
ing irreversible damage to the chloroplast-airspace
interface. This structural failure likely explains the
commonly observed photosynthetic non-recovery
in severely stressed plants even after rehydration
(Xue et al. 2022).

The chloroplast responses to varying levels of
drought indicate distinct adaptation strategies. The
S treatment caused a significant 52% reduction in
total chlorophyll (a + ) and a 53% decline in the
chlorophyll a/b ratio (Table 4), suggesting preferen-
tial degradation of PSII core complexes, consistent
with drought-induced oxidative damage mechanisms
(Lodeyro et al. 2021, Moustakas et al. 2022). While
artificial manipulation of chloroplast size failed
to enhance photosynthetic efficiency in tobacco
(Gowacka et al. 2023), our observation of compensa-
tory chloroplast expansion under stress suggests that
plants transiently modulate organelle morphology as
an emergency response. However, such changes likely
incur hidden costs (e.g., reduced g_), reinforcing
that naturally evolved chloroplast dimensions may
represent an optimal trade-off between structural
stability and metabolic function (Gowacka et al.
2023). After rehydration, the M treatment showed
arapid 17% increase in the chlorophyll a/b ratio on
Day 3 and 23% chloroplast proliferation on Day 4,
indicating efficient reactivation of PSII repair cycles
and chloroplast biogenesis (Charuvi et al. 2018).
However, the slower recovery of Area , suggests
the formation of smaller chloroplasts during early
recovery (Nagy-Deri et al. 2011). This structural-
functional decoupling highlights the hierarchical
nature of photosynthetic recovery, with pigment-

62

https://doi.org/10.17221/564/2025-PSE

protein complex regeneration preceding organelle
ultrastructure restoration (Moustakas et al. 2022,
Rachana et al. 2024). In contrast, the S treatment
showed a sustained 32% chlorophyll deficit on Day 3
and permanent reductions in chloroplast dimensions
after rehydration, indicating a collapse of the chlo-
roplast repair machinery. The transient chlorophyll
content rebound on Day 5 likely reflects residual
biosynthetic activity rather than functional recovery,
as evidenced by the concurrent 22% chloroplast loss
and structural deterioration, consistent with terminal
senescence processes (Charuvi et al. 2018).

Mechanistic insights into the structural-func-
tional coordination. The strong direct effect of f;__
ong (B =0.28, P <0.01) underscores its role as the
primary determinant of gaseous phase resistance in
sugar beet. This observation is consistent with dif-
fusion theory and anatomical models of gas-phase
conductance, in which the fraction of intercellular
airspace (f, ) interacts with tortuosity (1) and the
effective diffusion pathlength (L) to determine re-
sistance (Terashima et al. 2011, Onoda et al. 2017).
Notably, the reduction in fias under severe stress
corresponds to an increase in diffusion resistance,
explaining the disproportionate decline in g _. This
nonlinear relationship suggests threshold behaviour,
below a critical f, (15% in this study), CO, diffu-
sion becomes severely rate-limiting, consistent with
observations in cotton (Gossypium hirsutum) (Zou
et al. 2022). While S /S also showed a strong direct
effect (p = 0.35), its mediation of the influence of
f,,, (indirect effect = 0.18) implies compensatory
chloroplast positioning under airspace constraints.
For instance, reduced f,__triggers chloroplast repo-
sitioning toward cell peripheries via actin cytoskel-
eton remodelling, partially maintaining S_/S and
minimising liquid-phase resistance (Kim et al. 2020).
Moreover, the observed 23% reduction in Area
(Table 4) led to a disproportionate 14% decrease in
S./S, indicating that changes in cell volume directly
drive the remodelling of the chloroplast-airspace
interface (Charuvi et al. 2018).

Given the key roles of S /S and fias as critical de-
terminants of gaseous-phase resistance in sugar
beet, it is essential to explore potential targets that
could be manipulated to enhance photosynthet-
ic resilience under water-deficit conditions. The
observed 21% reduction in f, _ under severe stress
(Table 3), translating to a theoretical 34% increase
in diffusion resistance, underscores the importance
of maintaining mesophyll structural integrity and
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Figure 10. The intricate multiscale mechanisms that underlie the responses of sugar beet to water deficit and rehydration

chloroplast dynamic positioning as critical strate-
gies for improving g  (Charuvi et al. 2018, Kim et
al. 2020). For instance, expansins have been shown
to maintain cell wall elasticity, thus preventing the
collapse of f, - under drought stress (Cosgrove 2016,
2022). Similarly, reducing cell wall cross-linking is
instrumental in preventing compression of intercel-
lular spaces, thereby supporting photosynthetic rates
(Aneja et al. 2025). The role of blue light receptors
in activating chloroplast avoidance movement to
optimise S_/S further highlights the potential of
manipulating light signalling pathways to enhance
photosynthetic efficiency (Shang et al. 2018). The
regulation of chloroplast movement by proteins like
CHUP1 (Kim et al. 2020) and PHOT?2 (Shang et al.
2018) also presents an opportunity to fine-tune S /S,
thereby optimising the chloroplast-airspace interface
for efficient gas exchange. Therefore, manipulating
structural targets offers a promising avenue to en-
hance photosynthetic resilience in sugar beet under
water-deficit-rehydration conditions (Figure 10).
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