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Abstract 

Leaf rolling is a physiological response to drought that may help to reduce water loss, but its significance as a con-
tribution to drought tolerance is uncertain. We scored the leaf rolling of four rice genotypes along an experimental 
drought gradient using an improved cryo-microscopy method. Leaf water potential (Ψleaf), gas exchange, chlorophyll 
fluorescence, leaf hydraulic conductance, rehydration capacity, and the bulk turgor loss point were also analysed. 
During the drought process, stomatal conductance declined sharply to reduce water loss, and leaves rolled up before 
the stomata completely closed. The leaf water loss rate of rolled leaves was significantly reduced compared with ar-
tificially flattened leaves. The Ψleaf threshold of initial leaf rolling ranged from −1.95 to −1.04 MPa across genotypes. 
When a leaf rolled so that the leaf edges were touching, photosynthetic rate and stomatal conductance declined more 
than 80%. Across genotypes, leaf hydraulic conductance declined first, followed by gas exchange and chlorophyll 
fluorescence parameters. However, the Ψleaf threshold for a given functional trait decline differed significantly among 
genotypes, with the exception of leaf hydraulic conductance. Our results suggested that leaf rolling was mechanis-
tically linked to drought avoidance and tolerance traits and might serve as a useful phenotypic trait for rice breeding 
in future drought scenarios.

Keywords:   13CO2 labeling, drought tolerance, leaf rolling, stomatal conductance, water loss, water potential threshold.

Introduction

Climate change is projected to aggravate drought (Ault, 2020), 
which may cause global food insecurity. Rice, one of the most 
important crops in the world, consumes a large amount of 
water. Unlike many other crops, rice is typically planted in 
paddy fields and is extremely sensitive to soil drought (reviewed 
by Bernier et al., 2008). Developing new rice cultivars with 
enhanced drought tolerance is therefore urgent. As widely 
discussed in the literature, the major challenge for drought 

tolerance breeding in the post-genomic era is the ‘phenotyp-
ing bottleneck’ (Furbank and Tester, 2011; Yang et al., 2020). 
Because leaf rolling can be visually scored in the field, it has 
been proposed as a critical drought tolerance indicator of rice 
in recent high-throughput phenotyping projects (Guo et al., 
2018; Jiang et al., 2021). Indeed, many efforts have been made 
to score the leaf rolling under drought conditions by monitor-
ing the overall leaf geometry changes using spectral analysis 
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and image processing techniques (Lu et al., 2011; Baret et al., 
2018; Cal et al., 2019; Jiang et al., 2021). However, whether the 
leaf rolling score can be used to assess rice drought tolerance 
is largely unclear, nor is the link clear between the leaf rolling 
score and other well-known drought tolerance traits. For in-
stance, a recent study argued that genetic variation of rice leaf 
rolling under drought is related to leaf morphology rather than 
the common drought tolerance traits (Cal et al., 2019).

Following drought, a rice leaf shows tubular rolling where 
one side of the leaf wraps over the other. As the effective leaf 
area declines, rolling was suggested to decrease leaf transpira-
tion through changes in leaf conductance and thus maintain 
leaf water potential (Ψleaf) under drought conditions (O’Toole 
et al., 1979; Clarke, 1986). Another important effect of leaf 
rolling proposed in the literature is decreasing light absorp-
tion, thus potentially protecting photosystems from damage 
caused by excessive light under severe drought (reviewed by 
Ali et al., 2022). In addition, the decreased radiation absorp-
tion can reduce high leaf temperature, an important factor that 
can cause leaf damage under drought (Saglam et al., 2014). As 
mentioned in these studies, leaf rolling in grasses represents a 
dehydration avoidance mechanism for plants facing drought. 
However, some studies suggest that carbon starvation due to 
reduced carbon assimilation under drought conditions is an 
important cause of plant mortality (Sevanto et al., 2014; Adams 
et al., 2017). Surprisingly, empirical studies quantifying the 
effects of leaf rolling on transpiration rate and photosynthetic 
carbon gain during drought have been rare.

Plant drought tolerance is widely estimated by the water 
potential that induces a decline in key physiological processes 
(Tyree and Sperry, 1989; Nardini et al., 2001; Brodribb et al., 
2003; John et al., 2018; Wang et al., 2018). The sequence of 
water potential thresholds for drought tolerance traits has been 
suggested to influence overall plant function under drought 
dramatically. Previous studies have compared some drought 
tolerance traits, but the leaf rolling score has not been included 
in most studies (Bartlett et al., 2016; John et al., 2018; Trueba 
et al., 2019; Yao et al., 2021). The response of leaf rolling score 
to soil and plant water potential was investigated in several 
early studies, but those studies included limited information on 
other well-established drought tolerance traits (O’Toole et al., 
1979; Clarke, 1986; Dingkuhn et al., 1989, 1999). Stomatal clo-
sure, measured as percentage stomatal conductance (gsw) de-
cline, was frequently observed at sufficiently high leaf water 
potentials to prevent wilting and xylem cavitation (Brodribb 
et al., 2003; Bartlett et al., 2016). Nevertheless, leaf water can be 
lost via the cuticle and imperfectly closed stomata, quantified 
as minimum leaf conductance (gmin). The gmin values of cere-
als were confirmed to be higher compared with other species 
groups (Duursma et al., 2019). Therefore, leaf rolling may be a 
strategy to prevent water loss from leaves after stomatal closure 
in cereals like rice, but, again, the links among leaf rolling, gsw 
decline, and gmin have rarely been tested.

The basis for leaf rolling is small changes in cell turgor pres-
sure, which then aggregate to a macroscopic shape change 
at the tissue and organ levels (Matschi et al., 2020; Ali et al., 
2022). Previous biomimetic studies have suggested that the 
leaf rolling in grasses is mainly controlled by the turgor pres-
sure of bulliform cells, a group of large fan-shaped epidermal 
cells (Alvarez et al., 2008; Mader et al., 2020). Interestingly, leaf 
water potential at cellular turgor loss (πtlp) is widely recognized 
as a predominant physiological determinant of plant drought 
tolerance (Baltzer et al., 2008; Bartlett et al., 2012; Blackman, 
2018; Zhu et al., 2018). Over the last decades, the links be-
tween πtlp and other drought tolerance parameters, mainly Ψleaf 
thresholds for the declines of hydraulic dysfunction, stomatal 
closure, and leaf hydraulic performance, have been studied ex-
tensively (Brodribb and Holbrook, 2003; Bartlett et al., 2016; 
Farrell et al., 2017; Sorek et al., 2021). These drought tolerance 
traits were generally well coordinated, and some hypotheses 
have been proposed to explain the observed trait correlations 
(Scoffoni et al., 2014; McAdam and Brodribb, 2016). From this 
point of view, there may be a mechanistic link between leaf 
rolling and plant drought tolerance. Therefore, leaf rolling may 
be both a drought avoidance trait and a drought tolerance trait 
in rice.

Here, we quantified Ψleaf thresholds for leaf rolling score, gas 
exchange, hydraulic parameters, and chlorophyll fluorescence 
parameters, along with water loss rate and turgor loss point 
estimations in four rice genotypes with different drought tol-
erance. We asked the following questions: (i) How much plant 
water loss can leaf rolling reduce during water stress? (ii) What 
are the relationships between drought tolerance traits and leaf 
rolling score (i.e. determining the sequence of their water po-
tential thresholds)?

Materials and methods

Plant materials and drought treatment
Four rice genotypes, MR185, Gang64B, La110, and TD70, with different 
leaf rolling susceptibility were selected in our study. The selection was 
based on the order of occurrence of leaf rolling under successive field 
drought of a rice variety collection containing 240 genotypes as deter-
mined by Jiang et al. (2021). In their trial, leaves of MR185 rolled much 
earlier than those of the other three genotypes after the drought started. 
In our trial, rice seeds were germinated in a nursery. Three weeks after 
sowing, seedlings were transplanted into 4.0-liter plastic pots containing 
2.8 kg commercial soil (Xinnong Soil Technology Co., Ltd, Zhenjiang, 
China) with a plant density of a sole seedling per pot and 40 pots pre-
pared for each genotype. Plants were grown outdoors on the Huazhong 
Agricultural University campus (E114.33°, N30.50°), Wuhan, China. 
Fifteen days after transplantation, 5.0  g compound fertilizer (N: P2O5: 
K2O=16:16:16%; Batian Ecological Engineering Co., Ltd, Shenzhen, 
China) was added to each pot. Diseases, pests, and weeds were strictly 
controlled over the experimental period. Plants were well watered before 
applying drought treatment.

To capture different leaf-rolling phases, half of the pots of each geno-
type (20 pots) were subjected to gradual drought events by stopping irri-
gation in batches from the 30th day to the 32nd day after transplantation 
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(15–25 tillers, depending on genotype, were produced in each pot). 
During the soil drought, gas exchange and 13CO2 labeling experiments 
were conducted with plants of different leaf rolling status. After gas ex-
change measurement and labeling, the leaves were sampled immediately 
for leaf water potential estimation and rolling scoring. At the same period, 
the water loss curve, the water potential at the turgor loss point (πtlp), and 
the vulnerability curves of rehydration capacity (RC), photosystem II 
(PSII) maximum quantum yield (Fv/Fm), and leaf hydraulic conductance 
(Kleaf) were measured on well-watered plants. We conducted the Kleaf vul-
nerability curve from well-watered plants to avoid the biases caused by 
the native state of damage, osmotic adjustment, and so on, as frequently 
discussed in previous studies (Johnson et al., 2020; Smith-Martin et al., 
2020). The measurements were conducted on leaves collected from at 
least 10 individuals for each trait except for the measurements of water 
loss and pressure–volume curves in which leaves were collected from four 
individuals. All measurements were conducted between 30 and 45 d after 
transplantation.

Leaf rolling score
Inspired by Franks and Farquhar (2007) and Matschi et al. (2020), we de-
veloped a cryo-microscopy method to capture the leaf rolling dynamics 
during drought. After leaf water potential was measured using a pressure 
chamber (PMS Instrument Company, Albany, OR, USA), several ~1 cm 
lengths of leaf segments were quickly sampled at the middle of leaves, 
and the samples were immersed into liquid nitrogen immediately (see 
Supplementary Fig. S1A–C). Then, the frozen samples were transferred 
to 1.2 × 1.2 × 1.2 silicone molds and vertically fixed by adding a pre-
cold tissue freezing kit (Leica Microsystems Inc., Wetzlar, Germany). The 
silicone molds were placed in a steel container filled with liquid nitrogen 
during the fixing process (Supplementary Fig. S1D). Frozen tissue samples 
were cut at −15 °C by using a cryostat (CM1950, Leica Microsystems 
Inc., Wetzlar, Germany), and tissue sections of about 100 µm thickness 
were obtained and stuck on the pre-frozen slides. Microscopical images 
of leaf transections were captured using a miniature portable microscope 
(ontp, Weixing Electronic Technology Co., Ltd, Shenzhen, China) inside 
the cryostat chamber (Supplementary Fig. S1E, F). Images were imported 
into GetData Graph Digitizer 2.26 (https://getdata-graph-digitizer.soft-
ware.informer.com/). The positions of leaf veins and the two edges of the 
leaf were manually identified after establishing the coordinates containing 
two vertical vectors, x and y, on images (Supplementary Fig. S1G). By 
modifying the equation developed by Sirault et al. (2015), the leaf rolling 
score was calculated as follows:

Rolling score =
Transection perimeter

Minimum outer convex hull perimeter

Transection perimeter, twice the total distances between two adjacent 
coordinate points, is the exposed perimeter when the leaf is flat. The 
minimum outer convex hull perimeter is the exposed perimeter of the 
transection. The estimation of transection perimeter and minimum outer 
convex hull perimeter was conducted using Python 3.6 (https://www.
python.org; Supplementary Fig. S2).

Water loss curves
Water loss curves were obtained using artificial flattening of leaves and 
natural rolling of leaves in parallel to quantify the role of leaf rolling in 
preventing water loss during dehydration. Newly expanded leaves were 
sampled from four individuals at dawn for each genotype and rehy-
drated for 1 h in the lab. For the artificial flattening treatment, the leaves 
were fixed using pre-weighed homemade clips to keep the blades flat 

during dehydration. Leaf segments (12 cm in length) were cut from the 
middle of sampled leaves, and two cut ends were sealed with melted 
candle wax immediately to minimize water loss from the wound. Samples 
were weighed quickly using an electronic balance (±0.01 mg; Mettler 
MS205DU, Mettler-Toledo GmbH, Greifensee, Switzerland). Then the 
samples were hung in a foam box, awaiting subsequent weighing. Leaf 
samples were dried in an 80 °C oven for 3 d after weighing. The leaf rel-
ative water content (RWC) was calculated as follows:

RWC =
Wi −Wdr

Wsa −Wdr

where Wi is the leaf weight at time i during the measurement, and Wdr 
and Wsa are the dry weight and water-saturated weight of the leaves.

Gas exchange measurements
An open-flow infrared gas analysis system, LI-6800 (LI-COR Inc., 
Lincoln, NE, USA) with an integrated chlorophyll fluorescence leaf 
chamber (LI-6800-01, LI-COR Inc.), was used to measure gas exchange 
and chlorophyll fluorescence simultaneously. Inside the leaf chamber, the 
sample CO2 concentration, light intensity, and flow rate were set to 400 
µmol mol−1, 1200 µmol photons m−2 s−1 and 500 µmol s−1, respectively. 
Measurements were made outdoors between 09.00 h and 12.00 h, and 
rolled leaves were artificially flattened before placing in the leaf chamber. 
Once the CO2 and H2O concentrations in the gas exchange system 
reached stable states (typically, 30~60 s after clamping the chamber), the 
gas exchange was recorded. After the gas exchange was recorded, a satu-
rating pulse (100 Hz; approximately 10 000 mmol photons m–2 s–1) was 
applied. Values of steady-state fluorescence (Fs) and maximum fluores-
cence (Fmʹ) in light conditions, and the actual photochemical efficiency 
of photosystem II (ΦPSII=(Fmʹ−Fs)/Fmʹ) were recorded. Then Ψleaf was 
measured using a pressure chamber. The mesophyll conductance of CO2 
(gm) was calculated based on the method described by Harley et al. (1992), 
as follows:

gm=
A

Ci − Γ ∗((ETR + 8(A + Rd))
ETR − 4(A + Rd)

where A is the net photosynthetic rate, Ci is intercellular CO2 con-
centration, ETR is the electron transport rate recorded in the LI-6800 
instrument, Γ* represents the CO2 compensation point in the absence 
of respiration, and Rd is the day respiration rate. Typical values of 40 
µmol mol−1 and 0.5 µmol m−2 s−1 were used for Γ* and Rd, respectively 
(Hermida-Carrera et al., 2016).

13CO2 labeling
To evaluate the influence of leaf rolling on carbon assimilation, 12 
plants of each genotype with different leaf-rolling phases were labeled. 
Plants were sealed into transparent cylindrical chambers (18 cm diam-
eter×60 cm height; shown in Fig. 4) and provided (1.5 liters min−1) with 
air for at least 30 min prior to switching to 400 ppm 13CO2 (99 atom%) 
replaced air (78% N2, 21% O2, and 400 ppm 13CO2; Niuruide Gas Co., 
Ltd, Wuhan, China). Gas entered the chambers through the inlet near the 
bottom and flowed out via the outlet near the top, and the gas flows were 
controlled using pre-calibrated flow controllers (FMA 5400A/5500A, 
Omega Engineering, Inc., Norwalk, CT, USA). The outflowing gas was 
introduced into the 0.1% NaOH solution to avoid potential ambient 
13CO2 pollution. Leaves were sampled after 10 min of labeling, and the 
samples were immediately immersed in liquid nitrogen for subsequent 
measurement of 13C abundance. Leaf water potentials were measured 
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using other leaves of the same tiller. The frozen inactivated leaf samples 
were dried at 80 °C and ground to fine powder before the 13C abundance 
was measured using a stable isotope ratio mass spectrometer (Isoprime 
100, Elementar Trading Co., Ltd, Hanau, Germany).

Water status thresholds for loss of photosystem II maximum 
quantum yield and rehydration capacity
The maximum quantum yield of PSII was estimated as variable fluo-
rescence (Fv)/maximum fluorescence (Fm), and Fv was calculated as Fm 
minus minimum fluorescence (Fo). Chlorophyll fluorescence was meas-
ured using a pulse-modulated fluorometer (Junior-PAM, Heinz Walz 
GmbH, Effeltrich, Germany). An intensity of 9200 μmol photons m–2 
s–1, from a blue light-emitting diode (445 nm; 20 Hz), was taken as the 
saturation pulse to estimate Fm and Fv. More than 30 leaves were sampled 
from 15 individuals per genotype and hydrated in darkness for 2 h to 
avoid non-photochemical acute photoinhibition. Then the leaves were 
bench-dehydrated to a range of dehydration states. Leaves were weighed 
after the chlorophyll fluorescence measurement to estimate relative water 
content (RWC), and the vulnerability curves of Fv/Fm were plotted as 
Fv/Fm against RWC.

In the present study, the rehydration capacity (RC) was also estimated 
according to John et al. (2018). After the Fv/Fm measurement, the dehy-
drated leaves stood in deionized water to recover for 10 h before weigh-
ing. Then, leaves were dried at 80 °C for 3 d to estimate their dry weights. 
RC was calculated as the ratio of rehydrated leaf water content to satu-
rated leaf water content:

RC =
Wre −Wdr

Wsa −Wdr

where Wre, Wdr, and Wsa are the weights of rehydrated, dry, and saturated 
leaves. The vulnerability curves of RC were established by plotting RC 
against the RWC of dehydrated leaves.

Vulnerability of leaf hydraulic conductance to water-potential 
decline
The evaporative flux method was adopted to measure the leaf hydraulic 
conductance (Kleaf), which is the ratio of steady-state flow rate (E, mmol 
m−2 s−1) to the water potential driving force (ΔΨleaf, MPa; Sack and 
Scoffoni, 2012). The ΔΨleaf was estimated as the difference between the 
potential of water at atmospheric pressure entering the petiole (i.e. 0 MPa 
for pure water) and the steady state Ψleaf (Ψfinal) at the end of the meas-
urement. About 24–40 tillers were sampled at dawn from at least 15 pots 
per genotype and hydrated over 1 h in the lab. Before the Kleaf measure-
ment was made, tillers were bench-dehydrated to a range of Ψleaf values 
(−3.0~−0.1 MPa) in the lab (air temperature of 26 ± 2 °C, and rela-
tive humidity of 40 ± 10% over the experimental period). The newly 
matured leaf with a 2  cm sheath was cut from the tiller under airless 
distilled water and then rapidly connected to silicone tubing under water 
to prevent air entering the system. The adjacent leaf was collected to de-
termine the initial water potential (Ψinitial). The other end of the tubing 
was connected to a water source on an electronic balance (±0.01 mg; 
Mettler MS205DU, Mettler-Toledo GmbH, Greifensee, Switzerland) 
that logged data every 3 s to a computer to calculate E. The leaves were 
put on the net with the adaxial surface upwards and were irradiated by 
a lamp (light intensity at leaf level ~1000 µmol photons m−2 s−1, 600 W, 
Weichuang Electronic Technology Co. Ltd, Wuhan, China). A box fan 
under the net was used to minimize the boundary resistance (wind speed 
at leaf level about 1 m s−1). The water flow rate into the leaf was recorded 
until it was stable for at least 15 min, and a thermocouple determined the 

leaf temperature once the stable states were achieved. Measurements were 
discarded if the flow rate failed to stabilize or suddenly changed, and the 
criteria for stabilizations are described in our previous study (Wang et al., 
2022). The leaf was quickly removed from the tubing, the sheath was 
dabbed dry, and the leaf was equilibrated in the bag for at least 20 min 
before measuring the Ψfinal. Kleaf was calculated as follows:

Kleaf =
E

(0− Ψleaf)

Kleaf values were normalized to those at 25 °C leaf temperature, con-
sidering that water viscosity varied with temperature (Yang and Tyree, 
1993). During the measurement, dehydrated leaves may recover their leaf 
water potential before reaching a stable state, such that Ψfinal is less neg-
ative than the Ψleaf before Kleaf measurement (Ψinitial), or, alternatively, 
the transpiration rate may be sufficient for Ψfinal to be driven lower than 
Ψinitial (Scoffoni et al., 2011). To construct Kleaf vulnerability curves, the 
Kleaf was, therefore, plotted against whichever was lowest, Ψinitial or Ψfinal 
(see Scoffoni et al., 2011).

Turgor loss point estimation
Tillers were sampled from four individuals per genotype in the early 
morning and fully hydrated for 1  h in darkness. Pressure–volume 
curve parameters were determined by squeezing water out of the leaf 
using a pressure chamber to achieve different leaf water potential and 
weighing. The turgor loss point was calculated following the method 
of L. Sack, J. Pasquet-Kok, and M. Bartlett (https://prometheus-
protocols.net/function/water-relations/pressure-volume-curves/
leaf-pressure-volume-curve-parameters/).

Data analysis
Segmented regression, conducted in the R package ‘segmented’ (Muggeo, 
2008), was used to separate the phases in plots of rolling score against Ψleaf. 
The vulnerability curves, including A, gsw, gm, Kleaf, and ΦPSII against Ψleaf, 
and RC and Fv/Fm against RWC, were fitted using Weibull functions in 
the R package ‘fitplc’ (Duursma and Choat, 2017). The confidence inter-
vals of the vulnerability curves were estimated using bootstrap methods in 
the R package ‘fitplc’. The thresholds calculated as RWC were converted to 
Ψleaf using the conversion factors estimated from Ψleaf versus RWC curves 
(Supplementary Fig. S3). The slope and intercept of water loss curves be-
tween artificially flattened and naturally rolled leaves were compared using 
the R package ‘simba’. Except for special notes, analyses and plotting were 
performed in R 4.1.2 (https://cran.r-project.org). It should be noted that 
this study has two types of droughts: in situ soil drought and bench dehy-
dration with excised tillers. Excised tissue lacks connections to the root 
system and neighboring tillers, which may influence water supply and 
hormone activity, potentially leading to drought responses for some traits 
that differ from their responses to in situ drought. The current study esti-
mated the responses of leaf water loss rate, rehydration capacity, and the 
maximum quantum yield of the PSII to drought based on the bench de-
hydration method. Moreover, different water potentials in constructing 
Kleaf vulnerability curves were also created by bench dehydration.

Results

The effects of leaf rolling on leaf water conservation

The water loss curves of artificially flattened and naturally 
rolled leaves were compared. In all the genotypes, leaf RWC 
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decreased curvilinearly with time after removal from tillers 
(Fig. 1). Rolled leaves had a significantly decreased water loss 
rate compared with the flattened leaves, resulting in a con-
tinuous increase in the RWC differences between artificially 
flattened and naturally rolled leaves over a period of 50 min. 
As the response was multiphasic with a nearly linear rela-
tionship between the RWC and time at the late stage, linear 
regressions were plotted, and the slopes were calculated to 
represent the water loss rate. In all the genotypes, linear re-
gression slopes significantly differed between artificially flat-
tened and naturally rolled leaves. The dynamics of stomatal 
conductance and leaf rolling score during soil drought are 
presented in Fig. 2. There were differences observed in sen-
sitivities of gsw to Ψleaf decline among genotypes. The Ψleaf 
threshold of the 50% loss in gsw was −1.31, −1.44, −1.56, 
and −1.84  MPa for MR185, Gang64B, La110, and TD70, 
respectively. The Ψleaf threshold of the 80% loss in gsw was 
−1.72, −1.49, −2.07, and −2.30 MPa for MR185, Gang64B, 
La110, and TD70, respectively. The segmented linear func-
tion was selected to separate the phases of the correlations 
of leaf rolling score and Ψleaf in the four genotypes, which 

well conformed to the morphological dynamics of transec-
tion in the captured images (Supplementary Fig. S4). With 
Ψleaf decline, the leaf rolling score showed a plateau until a 
breakpoint appeared and then linearly increased. The water 
potential at the breakpoint is referred to as the leaf water po-
tential threshold of initial leaf rolling and had values of −1.04, 
−1.26, −1.64, and −1.95 MPa for MR185, Gang64B, La110, 
and TD70, respectively. The Ψleaf at leaf rolling score 2 varied 
from −2.75 MPa for TD70 to −1.80 MPa for MR185 (Fig. 
2). At the Ψleaf threshold of rolling score 2, gsw had declined 
more than 80% in all genotypes.

The relationships between leaf rolling and 
photosynthetic capacity

The photosynthetic rate (A) measured by infrared gas analysis 
declined with Ψleaf, and the Ψleaf response curves of A differed 
in shape among genotypes (Fig. 3A; Supplementary Fig. S5A). 
The Ψleaf threshold for the 50% loss of A was −1.44, −1.52, 
−1.95, and −2.34  MPa for Gang64B, MR185, La110, and 
TD70, respectively. The responses of mesophyll conductance 

Fig. 1.  Water loss curves of artificially flattened and naturally rolled rice leaves. The red and black circles represent the means of leaf relative water 
content (RWC) for naturally rolled and artificially flattened leaves, respectively. The red and black lines were fitted by a linear model, and the slopes and 
intercepts of lines were compared. Morphological changes in leaf cross-sections over the initial 18-min dehydration are shown on the right. The means 
(±SE) are shown (n=4). The significance of differences for slopes and intercepts was compared in R package ‘simba’ using randomization tests. *P<0.05; 
**P<0.01.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad316/7238688 by H

uazhong Agricultural U
niversity user on 28 August 2023

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erad316#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erad316#supplementary-data


Copyedited by: OUP

Page 6 of 12  |   Wang et al.

(gm) to Ψleaf decline were similar in shape to the responses of A 
(Supplementary Fig. S5B). Although the actual photochemical 
efficiency of PSII (ΦPSII) declined with leaf dehydration, the 
threshold of Ψleaf for ΦPSII decline was more negative com-
pared with A (Supplementary Fig. S5C). Over the leaf dehydra-
tion, the decline of A was tightly correlated with the decreases 

of gsw, gm, and ΦPSII (Supplementary Fig. S6). Interestingly, A 
responded to the rolling score exponentially, and the response 
curves were similar among genotypes (Fig. 3B). Once the leaf 
rolling score achieved 2 (leaf edges touching), A was lower 
than 10 µmol m−2 s−1, and then A decreased smoothly with 
continuous leaf rolling.

Fig. 2.  The correlations of stomatal conductance (gsw) and leaf rolling score with leaf water potential (Ψleaf). Black and red circles represent gsw and leaf 
rolling scores, respectively. The correlations of gsw with Ψleaf were fitted using the Weibull function, and the correlations between leaf rolling score and Ψleaf 
were estimated using the linear segmented regression method.

Fig. 3.  Responses of photosynthetic rate (A) to leaf water potential (Ψleaf, A) and leaf rolling score (B). The response curves of A to Ψleaf were fitted by the 
Weibull function, and curves of A to rolling score were fitted using an exponential model.
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The leaf photosynthetic capacity estimated by 13C labeling 
agreed with gas exchange measured by infrared gas analysis. 
The 13C relative abundance of labeled leaves decreased with 
decreasing Ψleaf in all genotypes (Fig. 4; Supplementary Fig. 
S7). But under the moderate drought (Ψleaf −1.9 to −1.3 MPa), 
TD70 and La110 with flat leaves tended to have higher leaf 
13C relative abundance than Gang64B and MR185 with rolled 
leaves. Moreover, in Fig. 4 it is clearly seen that plants and leaf 
transection morphologies were well coordinated, which con-
firmed that the leaf rolling degree could be obtained with the 
cryo-microscopy method.

Leaf rolling within the sequences of drought-induced 
functional decline

Along with leaf rolling score and photosynthetic performances, 
the vulnerability curves of leaf hydraulic conductance (Kleaf), 
leaf rehydration capacity (RC), and the maximum quantum 
yield of PSII (Fv/Fm) to leaf dehydration were also estimated in 
this study (Supplementary Figs S5D, S8). Further, we calculated 
leaf water potential thresholds inducing 50% and 80% losses of 
the leaf function based on the fitted Weibull functions for each 
trait. Function loss threshold sequences are shown in Fig. 5 and 
Supplementary Fig. S9. Across genotypes, Kleaf declined first, 
followed by gas exchange traits and chlorophyll fluorescence 
parameters (Supplementary Fig. S9). Leaves started rolling at πtlp 
before reaching the Ψleaf at 50% decline of A (A50). A50 tended 
to be more negative than the Ψleaf at 50% loss of stomatal con-
ductance (gsw50) and be followed by Ψleaf at 50% loss of mes-
ophyll conductance (gm50) during leaf dehydration. However, 
the differences in these leaf water potential thresholds were 
only statistically significant for La110. In all genotypes, the leaf 
rolling score of 2 coincided with a 50% decline of ΦPSII, and 
ΦPSII50 was lower than A50 except for La110. As the leaf water 

potential thresholds for the 50% decline of Fv/Fm and RC 
were very low (lower than −10 MPa), we then calculated the 
leaf water potential thresholds for a 10% decline of those traits 
(Fv/Fm10, RC10). Fv/Fm10 was −4.86 ± 1.30 MPa which was 
more negative than the Ψleaf at rolling score 3 (Roll=3) and 
ΦPSII80. As a result, the Fv/Fm10 was located at the end of the 
functional decline sequence (Fig. 5; Supplementary Fig. S9).

The sequences of leaf water potential thresholds for func-
tional traits were similar among genotypes. However, the 
leaf water potential threshold for a given functional trait dif-
fered significantly among genotypes except for Kleaf (Fig. 5; 
Supplementary Fig. S9). The leaf water potential thresholds for 
most estimated traits were more negative in TD70 than in the 
other three genotypes, although the difference was not signifi-
cant in gsw, gm, initial leaf rolling, and bulk turgor pressure loss. 
MR185 and Gang64B had high Ψleaf thresholds for all traits 
except for RC and Fv/Fm, and La110 had relatively negative 
Ψleaf thresholds for gas exchange traits.

Discussion

Leaf rolling reduces water loss

In higher plants, preventing water loss from transpiration by 
closing stomata is the initial response to drought (Bartlett et al., 
2016; Brodribb et al., 2020). In agreement, the gsw of all the 
investigated rice genotypes declined rapidly as leaf water po-
tential decreased under drought conditions. As observed in 
previous studies (Price et al., 1997; Khowaja and Price, 2008; 
Cal et al., 2019), the leaf water potential thresholds for stomatal 
closure varied greatly among rice genotypes, suggesting that 
genotype-specific management strategies should be developed 
to maximize water use efficiency. Interestingly, leaf rolling was 
initiated before the stomata fully closed in all the investigated 

Fig. 4.  The 13CO2 labeling experiment. (A) Pot-grown rice plants were sealed in labeling chambers. (B) Monochrome images showing the binarized leaf 
middle transection of newly expanded leaves sampled after the labeling. (C) The values of leaf water potential (Ψleaf), 13C relative abundance (RA), and 
rolling scores of the leaves shown in (B); the mean values of these traits are shown in Supplementary Fig. S7.
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genotypes, which suggests that leaf rolling might play a role in 
water conservation before the stomata close completely.

In the current study, we quantified the contribution of 
leaf rolling to the water loss rate by estimating the water 
loss curves of artificially flattened and naturally rolled leaves 
during dehydration. Water can be lost from stomata and con-
tinue escaping through the cuticle and by guard cell leakage 
after stomatal closure; the latter is commonly termed residual 
transpiration or minimum leaf transpiration (Duursma et al., 
2019). In principle, both stomatal transpiration and residual 
transpiration rates can be estimated from the water loss curve 
(Khowaja and Price, 2008). As shown in Fig. 1, water loss was 
very fast in the first phase of the curves. Therefore, the stom-
atal transpiration rate cannot be calculated robustly from the 
water loss curve with limited estimations in the current study. 
In addition, since stomatal movement is sensitive to leaf ex-
cision and environmental conditions, stomatal transpiration 

likely differed significantly from reality. Leaf rolling signifi-
cantly reduced the residual water loss for all the genotypes 
(Fig. 1). Notwithstanding, the measurement was insufficient 
to separate the leaf conductance and boundary-layer con-
ductance. The reduced leaf transpiration rate of rolled leaves 
may predominately result from the decrease of boundary-layer 
conductance as the micro-environment inside the rolling 
space, including wind speed, humidity, and temperature, was 
changed (O’Toole et al., 1979; Saglam et al., 2014; Assmann 
and Jegla, 2016). As the leaf shape and environmental condi-
tions around leaf surfaces significantly change when the leaf 
rolls up, stomatal and cuticular conductance adjustments are 
expected. Indeed, Bueno et al. (2019) revealed that minimum 
conductance was significantly affected by measuring temper-
ature. Clearly, more effort should be made to understand how 
leaf rolling regulates water loss through stomatal pores and 
cuticles.

Fig. 5.  The sequences of physiological responses to decreasing leaf water potential (Ψleaf). Rollinitial, the Ψleaf at initial leaf rolling; Roll=2, 3, the Ψleaf at 
leaf rolling score 2 and 3, respectively; gsw50 and gsw80, the Ψleaf at 50% and 80% stomatal conductance decline, respectively; Kleaf50 and Kleaf80, the Ψleaf 
at 50% and 80% leaf hydraulic conductance decline, respectively; πtlp, the Ψleaf at leaf bulk turgor loss point; A50 and A80, the Ψleaf at 50% and 80% 
photosynthetic rate loss, respectively; gm50 and gm80, the Ψleaf at 50% and 80% mesophyll conductance loss, respectively; ΦPSII50 and ΦPSII80, the Ψleaf at 
50% and 80% loss of ΦPSII, respectively; RC10, the Ψleaf at 10% loss of rehydration capacity; Fv/Fm10, the Ψleaf at 10% loss of Fv/Fm. The bars are 95% 
confidence intervals of the estimated values.
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Carbon assimilation dramatically declined after rolling

Although leaf rolling can minimize water loss under drought, 
it potentially decreases carbon assimilation (Dingkuhn et al., 
1989; Corlett et al., 1994). Indeed, carbon starvation was sug-
gested to be one of the mechanisms underlying plant mor-
tality under drought (McDowell et al., 2008; Kono et al., 2019), 
and many studies have attempted to clarify the relationship 
between carbon assimilation efficiency and drought tolerance 
(Bian et al., 2019; Salmon et al., 2020; Salvi et al., 2021). In the 
current study, A declined in response to Ψleaf decrease, and 
Ψleaf thresholds of photosynthetic decline differed among rice 
genotypes. The reduced A was related to the decreased CO2 
supply capacity (both stomatal and mesophyll conductance to 
CO2, gs and gm) as well as biochemistry of photosynthesis (i.e. 
ΦPSII). Agreeing with our previous study on rice, the decreases 
of gs and gm were faster than ΦPSII (Supplementary Fig. S5; 
Wang et al., 2018), suggesting that in drought A is predom-
inantly limited by CO2 supply capacity. Further correlation 
analysis also supported that A was mainly limited by gs and gm 
under drought (Supplementary Fig. S6). The genotype differ-
ences in the gs versus Ψleaf relationship indicated that stomatal 
regulation of Ψleaf in rice might be described as falling along 
a classic isohydric–anisohydric continuum. According to the 
iso/anisohydric classification, isohydric behaviors are those in 
which gsw declines rapidly to maintain Ψleaf relatively stable as 
environmental conditions change, whereas anisohydric behav-
iors keep stomata open, the resulting Ψleaf tracking environ-
mental fluctuations in water availability. As shown in Fig. 2, 
stomata open for a long time enables the relatively anisohydric 
genotypes TD70 and La110 to assimilate more carbon during 
drought than the other two.

Photosynthesis declined exponentially with the leaf rolling 
score, and the leaf rolling score thresholds of photosynthesis 
showed no difference among genotypes (Fig. 3). As described 
in the ‘Materials and methods’, the leaves were forced to be flat 
when A was measured by infrared gas analysis; the decline of A 
was unlikely to be caused by the decline of the photosynthetic 
area. The exponential relationship was further supported by the 
in situ 13CO2 labeling results (Fig. 4). Our result suggests that the 
relationship between A and the leaf rolling score should reflect a 
mechanistic link between leaf rolling and photosynthetic func-
tion. Leaf rolling score was previously used for selection in rice 
drought breeding programs but was discontinued due to its lack 
of correlation with grain yield (see O’Toole et al., 1979; Price 
et al., 1997). Here we highlight the need to explore more de-
tailed aspects of leaf rolling under drought conditions that could 
potentially be linked to yield beyond the traditional approach of 
maximizing leaf rolling score under severe drought stress.

The Ψleaf sequence of leaf functional declines

Thresholds for functional decline during dehydration in leaf 
water potential have been widely investigated across species 

(Bartlett et al., 2016; John et al., 2018; Trueba et al., 2019; Yao 
et al., 2021). In the current study, we provided an empirically 
based sequence of functional declines in response to leaf water 
potential in rice. The sequence of rice Ψleaf thresholds for stom-
atal closure and hydraulic decline differs from the sequence 
across species. In previous studies (Bartlett et al., 2016; Trueba 
et al., 2019), gsw50 was lower than Kleaf50 across species, but the 
Kleaf decline occurred significantly before the decline of gsw 
in rice. Our result is consistent with recent studies (Tombesi 
et al., 2015; Rodriguez-Dominguez et al., 2016; Wang et al., 
2018) in which the decline of Kleaf is suggested to trigger rapid 
stomatal closure in response to drought. Similar to the findings 
across species, πtlp coincided with gsw50, supporting that signif-
icant stomatal closure acts to prevent mesophyll wilt in some 
species (Brodribb et al., 2003; Bartlett et al., 2016; Farrell et al., 
2017). Moreover, the decline in PSII photochemistry occurred 
at lower water potentials than gsw, A, Kleaf, and bulk turgor pres-
sure loss. The leaf water potential threshold of PSII efficiency 
decline was more negative in darkness than in light, which 
agreed with the previous results (Flexas et al., 2002; Souza et al., 
2004).

In the current study, we found that leaf rolling score is a key 
indicator of drought stress. When stomatal and leaf hydraulic 
conductance declined by more than 50% of their value, leaves 
lost turgor pressure and rolled. At the same time, leaf rolling 
decreased leaf water loss and thus delayed leaf water potential 
decline, potentially protecting leaf functions from irreversible 
leaf damage, such as rehydration capacity and Fv/Fm declines 
(John et al., 2018; Lopez-Pozo et al., 2019; Trueba et al., 2019). 
Our observations suggest that the leaf rolling score can be 
used as a drought avoidance parameter as well as a drought 
tolerance indicator. Leaf rolling in grasses is physically caused 
by the volume changes of the bulliform cells, a type of special-
ized epidermal cell, and the cell volume directly relates to cell 
turgor pressure (Arber, 2010). The reduction in bulliform cell 
volumes can be caused by direct water loss through the bul-
liform cuticle or indirect water loss through guard cells, an-
other type of specialized epidermal cell. Matschi et al. (2020) 
proposed that the higher water permeability of the bulliform 
cell cuticle compared with other epidermal cells contributes 
to the fast cell volume reduction of bulliform cells in maize. 
However, we found that the Ψleaf threshold of initial leaf 
rolling was very close to the πtlp of rice leaf (Fig. 5), suggesting 
that the cellular turgor pressure reduction may occur simulta-
neously in bulliform cells and mesophyll cells. It is worth not-
ing that πtlp was estimated on leaves with water equilibrium, 
but water potential gradients inside leaves are expected in re-
ality (Buckley et al., 2017; Wong et al., 2022). Future work is 
needed to clarify the regulation of bulliform cell turgor pres-
sure during water stress. If the leaf rolling reflects the turgor 
pressure reduction of a leaf rather than the turgor pressure 
loss of the bulliform cells alone, it is not surprising that other 
physiological functions can be predicted using the leaf rolling 
score. As the transport of water and CO2 molecules across 
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membranes and cell walls is tightly regulated by the turgor 
pressure of cells (summarized by Hernandez-Hernandez et al., 
2020), both gm and Kleaf declined dramatically during leaf 
dehydration.

Further research is still needed to uncover the leaf rolling 
reflecting drought tolerance and the potential mechanisms be-
hind it across a broader range of rice genotypes. We demon-
strated that leaf rolling prevents leaf water loss during the late 
stage of stomatal closure with dehydration. Once the leaves 
rolled to the point of touching the edge, photosynthetic rate 
and stomatal conductance declined by over 80%. In all geno-
types, the decline in leaf hydraulic conductance occurred first, 
and the leaf water potential thresholds for functional trait de-
cline varied significantly among genotypes. It is noteworthy 
that we found a remarkable resemblance between the leaf water 
potential threshold of initial leaf rolling and the leaf turgor loss 
point across all genotypes, which suggests a strong correlation 
between bulliform cell turgor pressure, guard cell aperture, and 
bulk cell turgor pressure.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Overview of the cryo-microscopy method to score 

the leaf rolling.
Fig. S2. Diagrams of the leaf rolling score estimation.
Fig. S3. The bulk cellular water relations.
Fig. S4. Binarized images showing typical leaf transection 

and their leaf rolling score under a range of leaf water potential.
Fig. S5. The vulnerability curves of leaf physiological traits 

to dehydration.
Fig. S6. The relationships between photosynthetic traits.
Fig. S7. The 13C relative abundance of leaves with different 

leaf water potential.
Fig. S8. The responses of rehydration capacity and the max-

imum quantum yield of photosystem II to relative water con-
tent reduction.

Fig. S9. The genotypic variation of sequences of physiolog-
ical responses to decreasing leaf water potential.
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