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Efficient thermoregulation under diurnal drought stress protects leaves from photosystem damage and water supply—
demand imbalance, yet the cool effect and drought avoidance by leaflet closure have not been well understood. We
investigated the cool effect and the drought avoidance of leaflet closure in legume species that survived in the semi-
arid region facing seasonal and diurnal drought stress. The results showed that leaflet closure effectively cooled down
legume leaves through a reduction of projected leaflet area and the cosine of the angle of incidence (cos i). The leaflet
closure was strongly dependent on leaf water potential (¥ 5¢). In addition, by characterizing the sequence of key leaf
drought response traits, we found leaflet closure occurred after stomatal closure and reduced transpiration rate but
before hydraulic failure and turgor loss point (¥y,). The meta-analysis also showed that the leaflet closure and cos i
decreased after the stomatal conductance declined but before midday. These results imply that ¥ c,s-dependent leaflet
closure as an alternative to transpiration for leaflet cooling down and as a protective drought avoidance strategy assisting
sessile legume plants survival under drought stress.

Keywords: leaf temperature.

Introduction and physical traits were evolved to cool leaves, such as

Sunlight is the indispensable energy that plant leaves rely
on to fix carbon dioxide into high-energy sugars through
photosynthesis (Tilman 1988, Falster and Westoby 2003,
Bittebiere et al. 2012, Craine and Dybzinski 2013). However,
the intense light intensity is also harmful to leaves, for instance,
even short-time exposure to the intensified light environment
could cause a steep increase in leaf temperature, particularly
in low wind conditions (Pearcy 1990, Vogel 2009). Drought
stress combined with high temperature could damage the
photosynthesis enzyme activities, alter cell differentiation and
elongation and eventually result in leaf abscission and senes-
cence (Vollenweider and Gunthardt-Goerg 2005, Potters et al.
2009, Mathur et al. 2014). A series of physiological regulations

enhanced transpiration taking away heat (Crawford et al. 2012,
Pou etal. 2012), dense leaf hairs reflecting radiation (Lang et al.
1995, Ye et al. 2011) and small leaves convecting heat (Yates
etal. 2010). The physical traits (e.g., dense leaf hairs and small
leaf area) are the intrinsic leaf traits that seem unable to respond
timely to the instantaneous diurnal drought stress. As such, the
real-time diurnal leaf thermoregulation is mainly dependent on
transpiration through regulating stomatal conductance. Although
transpiration from opening stomata could cool leaves to a large
extent, leaves have to close their stomata under prolonged heat
stress to prohibit extensive water loss and which exposes the
leaves to the great risk of desiccation (Schulze et al. 1973,
Callwood et al. 2021).
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The central reason for the ineffective leaf cool down through
transpiration under drought stress is due to the loss of leaf
water potential (¥eaf). The decrease of Wiy would induce
stomatal closure (Brodribb and McAdam 2011, 2017, McAdam
and Brodribb 2014), cell turgor loss (Bartlett et al. 2014,
McAdam and Brodribb 2016), embolism formation (Sperry
1986) and even plant mortality (Li et al. 2016). Low Wyt
induced poor physiological performance would ultimately result
in plants’ survival and distribution (Feng et al. 2022). The ¥\e4f
at the 50% and 88% leaf hydraulic conductance decline is
defined as KleatPso and KieafPgsg, Which is used to evaluate the
drought tolerance of leaves, and once the Wy is lower than
KieafPso and KieafPss leaves would face great hydraulic failure
risk (Martorell et al. 2015, Choat et al. 2018). The ability of
plants to maintain diurnal leaf water status higher than KjeatPso
is thus critical for leaves’ drought resistance as it is recognized
as the bottleneck in the whole plant hydraulic transport system
(Sack et al. 2003).

According to the physical rule that water moves toward lower
water potential, leaf cells started to lose water and shrink when
Y eaf is lower than the leaf cell osmotic pressure (Scoffoni et al.
2014). Previous studies reported that leaf cells would shrink
sharply when the W e, is lower than turgor loss point (W) and
only slight cell volume changes when the W ey is higher than
Yyp (Meidner 1955, Kennedy and Booth 1958, Sancho-Knapik
et al. 2010). In contrast, the leaf shrinkage was also observed
when W5 is higher than Wy, and which is closely associated
with osmotic pressure at full turgor (7o) (Fellows and Boyer
1978, Colpitts and Coleman 1997, Scoffoni et al. 2014).
Nevertheless, the decline of Wy induced cell shrinkage would
ultimately lead to the leaf morphology change. A well-known
example is that the legume species Phaseolus acutifolius change
its leaflets paraheliotropically under dry and hot environments,
which is triggered by the turgor loss of motor cells on one side
of the pulvinus (Yu and Berg 1994). Due to ¥ eat being strongly
driven by turgor pressure (Sancho-Knapik et al. 2010), the
mechanical stimulation-induced leaflet closure in P acutifolius
is also related to the Wiy decrease (Yu and Berg 1994).
The more convincing evidence of the linkage between leaflet
closure and Yy is that the leaflet closure in Mimosa pudica
was also observed under drought stress (Patil and Vaijapurkar
2007). Furthermore, leaflet morphology changes under water-
stressed conditions were observed in Bauhinia brachycarpa by
closing its leaves and Tarenna depauperata by curling its leaves
(Lin et al. 2017).

The apparent dependency of leaflet angle changes on W eaf
under drought and heat stress raises the possibility that ¥ |eas-
dependent leaflet angle change might function on leaflets cool-
ing down through the reduction of light interception leaf area.
Abundant evidence support this standpoint. Leaflets narrowing
their angles under the diurnal drought stress were observed
in Rhododendron maximum (Nilsen 1985), Atriplex hymenelytra

(Mooney et al. 1977), Lactuca serriola (Werk and Ehleringer
1984), Ocotea esmeraldana, Rodognaphalopsis discolor, Aspi-
dosperma album, Retiniphyllum concolor, Remijia morilloi, Clusia
sp., Macairea rufescens (Medina et al. 1978) and Glycine max
(Rakocevic et al. 2018). Theoretically, the ¥ |e;s-dependent
leaflet closure would reduce the light interception leaf area
and thereby reduce the leaf heat loading. Leaflet closure of
legume species under diurnal drought stress has been observed
worldwide (Berg and Heuchelin 1990, Amador-Vargas et al.
2014, Lin et al. 2017), which provides an excellent system to
investigate the cooling effect of leaflet closure and the possible
contribution to its drought avoidance. We hypothesized that
the leaflet closure under diurnal drought stress cools leaves
through the reduction of light intercepted leaf area and cosine
of the angle of incidence (cos i); the leaflet angle change
is closely dependent on Wy as previously reported; this
fundamental mechanical leaflet closure under diurnal drought
stress contributes to legume leaves drought avoidance.

To test the hypothesis, three legume species with different
life forms (tree, herb and shrub) were examined (Table 1).
Three legume species closed their leaflets in the clear hot
summer midday was a general phenomenon in the field con-
dition (Figure 1; see Figure S1 available as Supplementary data
at Tree Physiology Online). We monitored the diurnal changes
in leaf temperature and leaflet closure on the typical clear
days in the mid-growing season (July 2021) to figure out to
what extent the leaflet closure cools down the legume leaves.
We investigated the driving role of Wy on leaflet closure
by analyzing the relationship between leaflet angle from the
horizontal and ¥y during the leaflet closure process. Finally,
to shed light on the ecological importance of the hypothesized
¥ eaf-dependent leaflet closure on leaf drought avoidance under
diurnal drought stress, we characterized the position of leaflet
closure in the sequence of the key leaves’ drought response
traits of the species examined in this study and additionally
conducted a meta-analysis on the time of day and the W ey at
50% leaflet closure, cos i and stomatal conductance declined
by extracting data from previous publications.

Materials and methods

Field study site and legume species examined

The field experiments were conducted in Linze Inland River
Basin Research Station (100° N 8" S, 39° E, 21’ W) located
in the west of Gansu province, Northern China. The study
site experienced extreme seasonal drought stress with a mean
annual precipitation of 97.2 mm, evaporation of 2385 mm, tem-
perature of 8.9 °C, wind speed of 3.2 m/s and photosynthetic
active radiation (PAR) of 9382 mol m= (http://lzd.cern.ac.
cn/). In the mid-growing season, plants experienced the highest
PAR, air temperature and water vapor pressure, but relatively
low precipitation (<5 mm) and wind speed in the field (see
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Table 1. Three legume species height, leaf anatomic traits, leaf turgor loss point and leaf water potential at predawn (¥ pre) and midday (¥ mid)-

Legumes species Life form Height (m) Leaf size (cm?) Leaf thickness (mm) Yore (—MPa) Y mid (—MPa)
R. pseudoacacia Tree 7.50 &+ 0.45 422 £043 0.23 £0.02 0.35 £ 0.1 1.80 £ 0.3
A. dahuricus Herb 0.35 £ 0.08 0.28 £0.03 0.25 £ 0.02 0.25 £ 0.1 1.35+0.2
C. korshinskii Shrub 1.85 £ 0.35 0.23 £ 0.04 0.27 £ 0.03 0.40 £ 0.1 240+0.3

Figure S2 available as Supplementary data at Tree Physiology
Online). In July 2021, three widely planted legume species
with different growth forms (tree: Robinia pseudoacacia; herb:
Astragalus dahuricus; shrub: Caragana korshinskii) that closed
their leaflets under diurnal drought stress in the hot mid-summer
were examined (Table 1).

Diurnal changes of leaf temperature, leaflet angle, cos i and
surrounding environmental variables

We measured the diurnal leaf temperature changes on a typical
clear day in six mature sun-exposed leaves from three individ-
uals every 10 min starting predawn at 6:00 a.m. and finished
sunset at 21:30 p.m. To precisely measure the legume leaves
temperature, leaf temperature was measured by both infrared
thermometer (MS-WITO2, MEET International Ltd, Hong Kong,
China) and K type thermocouple thermometer (Proster Digital
Thermocouple Temperature Thermometer, Proster Trading Ltd,
Hong Kong, China), in which the difference between the two
thermometers was <0.3 °C. The mean value of the two
thermometers was used. Due to the leaf temperature being
varied across the leaf surface (Saudreau et al. 2017), we used
a unified method by measuring the temperature in the middle
of the leaf between the mid-vein and leaf margin to represent
the leaf’s temperature.

In parallel with leaf temperature measurement, we recorded
the diurnal changes of leaflet angle from the horizontal, air tem-
perature, light intensity and wind speed across the whole mea-
surement. Three conventional ways used to document leaflet
closure are the leaflet angle from the horizontal (ranging from
0° to 90°, where O° is horizontal and 90° is vertical) the
angle between leaflets (ranging from O° to 180°, where 180°
is horizontal and O° is vertical) (Berg and Heuchelin 1990,
Huang et al. 2014) and the cosine of the angle of incidence
(cos i) (ranging from O to 1, where O means leaflet is par-
allel to the sun’s rays, 1 means leaflet is perpendicular to
the sun’s rays) (Ehleringer and Forseth 1980). The leaflet
angle from the horizontal was measured by an inclinometer
parallel to the adaxial leaflet surface and cos i was calculated
according to the angle between the leaflet and perpendicular
to the sun’s direct rays as previously described (Ehleringer
and Forseth 1980, Prichard and Forseth 1988). Air tempera-
ture and light intensity were measured by the gas thermome-
ter and light detector in a gas exchange system (Li6400,

Li-Cor Inc., Lincoln, NE, USA). Wind speed was measured by an
anemometer (RA320; Jinru trading limited, Dongguan, China).
To get the projected leaflet area differences of the opened and
closed leaflets, we took the top-down leaflet photography with
a horizontal white background paper (Canon EOS 5D, Tokyo,
Japan). The images of the projected leaflet area were processed
and calculated by Imagel software (Abramoff et al. 2004).

Leaf water potential

Yleaf in predawn (5:00-5:30 a.m.) (¥ pq) and midday (12:00-
14:00 p.m.) (¥mig) was determined by the Scholander-type
pressure chamber (Model 1515D; PMS Instrument Company,
Corvallis, OR, USA) in July 2021. In each species, 6-10 leaves
from three individuals were sampled in the predawn and midday
and were put into a black plastic bag with a wet towel separately.
The wet towel could keep the bag with some humidity and
thus stop the leaf water loss. The towel and leaf were put on
the different sides of the bag to avoid direct attachment. The
sampled leaflet in the bag was equilibrated for at least 20 min
before the Wiesr measurement, to investigate the relationship
between Weys and leaflet angle from the horizontal. On three
clear days, during the leaflet closure process, the leaflet angle
was first measured by an inclinometer, then the leaflet was
cut and the ¥ e Was measured as described above. A total
of ~15 leaves from three individuals of each species were
measured to construct the relationship between Wiy and
leaflet angle.

Gas exchange measurements

Leaf-level stomatal conductance (gs) and transpiration rate (E)
were measured as Wer decreased from predawn to midday
with a portable photosynthesis system (Li6400, Li-Cor Inc.,
Lincoln, NE, USA) in situ. For the species with a small leaf
area that could not fully fill the leaf chamber, we calibrated the
leaf area-based gas exchange values by multiplying the ratio
of chamber area to leaf area (chamber area/leaf area). To get
the natural diurnal response of gs and E to Wie,f, the field
measurements were conducted on three typical clear days. CO,
concentration, light and temperature within the leaf chamber
were the same as the ambient conditions. The rate of airflow
through the leaf chamber was set to 500 umol s™'. gs and
E were expressed on a projected leaflet area basis. Shortly, the
sun-exposed mature leaves from at least two individuals of each
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Figure 1. The diurnal changes of leaflet closure, leaf temperature, air temperature, solar radiation and wind speed on a typical clear summer day. (a)
The diurnal changes of leaf temperature, air temperature and leaflet closure. The leaf temperature of three legume species increased sharply when
the leaflet kept open and followed a rapid cool down after leaflet closure. (b) and (c) The diurnal changes of PAR and wind speed. The colored
dashed lines represent the time when the legume leaves started to close and the solid lines represent the time the leaves completely closed, different
colors represent different species as the legends show. The red dashed line in (c) represents the mean wind speed. (d) and (e) The leaflet angle
change of R. pseudoacacia from open to closure under acute heat stress. The red arrow in (e) indicates the pulvinus where the leaf bent occurred.
The scale bar is shown in (e) and the subplot. (f) The model plot of the leaflet from open as (d) shows to closure as (e) shows.

species were selected to measure gs and E as W g5 decreased
from predawn to midday. Once the stabilized gas exchange
values were logged, the leaves were excised immediately and
Y eaf Was measured as described above. Finally, gs and E were
plotted against ¥ ear. The functional response of gs and E to
Y eaf Was determined by the optimum functions (see Statistics
section).

Pressure-volume curves

Pressure—volume curves were constructed by the bench drying
method (Tyree and Hammel 1972). Three sun-exposed mature
shoots were sampled from three individuals of each species the
day before pressure—volume curves construction. The sampled
shoots were put into a bucket with a terminal end cut two times
under the ultra-pure water and transported to the laboratory
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in 30 min. When the branches rehydrated overnight (¥eas >
0.3 MPa), 6-8 mature and fully expanded leaves’ areas were
scanned. To minimize the impact of oversaturation on the shape
of the pressure—volume curves (‘plateau effect’) (Dichio et al.
2003, Meinzer et al. 2014), the portion of shoots that had
been underwater was removed before the determination, which
resulted in a gradual but not steep initial decline of 1/Wes as
relative leaf water content decreased. These leaves’ fresh weight
and W5 were measured repeatedly as the leaves dehydrated
on a bench. The osmotic pressure at full turgor (o) and turgor
loss point (myp) were calculated following the standard method
described by Sack et al. (2011).

Leaf hydraulic conductance

Leaf hydraulic conductance (Kieaf) under different water sta-
tuses was measured by examining the kinetics of Weas relax-
ation in rehydrating leaves following a previous publication
(Brodribb and Holbrook 2003), which is based on the formula:

Kieaf = CieafIn (Wi/ W) /t

where Wi is the initial ¥iear (MPa), Wy is the final Wieyr (MPa)
and t is the duration of rehydration time (s). Briefly, 3-5
rehydrated branches (¥ eas > —0.3 MPa) of each species were
sampled for Kieas measurement. The shoots were allowed to
desiccate slowly in the shade. The branches were put into black
bags for W ess equilibration when Weys decreased every 0.3—
0.5 MPa. When ¥ ;s was homogenous in the whole shoot
(the differences between two neighboring leaves smaller than
0.3 MPa), the mean ¥y of two neighboring leaves was
recorded as ¥;. The leaflet in the middle was cut under ultra-
pure water to rehydrate for t seconds. The time for rehydration
is decided by the ¥, the lower ¥; with longer rehydration t (t
ranged from 2 to 250 s). For each species, Ciear Was calculated
from the slopes of the pressure—volume curves. Because of the
cell walls’ elasticity, Cieaf pre- and post-my, are so different. Cieat
was thus calculated from the slopes of the relationship between
relative leaf water content and Wieqs on either side of the my
and normalized by leaf area. Leaf hydraulic vulnerability curves
were constructed based on the functional response of Kiess to
W\eat by the sigmoidal (y = mﬁ) function.

Meta-data collection

The time of day and Wy at which the 50% leaflet closed,
gs declined, and cos i decreased were compiled from previ-
ously published sources (see Table S1 available as Supplemen-
tary data at Tree Physiology Online). We conducted literature
searches using the keywords ‘leaflet closure’, ‘heliotropic leaf
movement’, ‘leaflet angle’, ‘stomatal conductance’ and ‘drought
stress’ from Web of Science, Google Scholar and China National
Knowledge Infrastructure (http://www.cnki.net). We extracted
the data from the studies with drought treatment or under
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control conditions. When values of the time of day and W ext
at which the 50% leaflet closed, gs declined, and cos i were not
reported in numerical form, they were extracted from published
graphs of vulnerability curves by image processing software
Engauge Digitizer (http://markummitchell.github.io/engauge-di
gitizer).

Statistics

The projected leaflet area and anatomical differences between
opened and closed leaves were evaluated by one-way ANOVAs
(Duncan). The optimum curves of leaflet angle, gs, £ and Kieaf
with ¥ eat Were selected from four functions by optim function in
R following the standard method described previously (Scoffoni
et al. 2011). The four functions are linear (y = ax + b),
sigmoidal (y = dﬁ), logistic (y = —2%—) and exponential
1+<%)

(y = yo + ae ), respectively. The y in the expressions
represents either the leaflet angle, gs, E or Kieaf; the x in the
expressions represents ¥\e5f. The fitted function with the lowest
Akaike Information Criterion was selected as the best-fitted func-
tion to construct the fitted curve. Significant level (P-value) and
r square were used to assess the goodness of the fit. The ¥ ext
at the 50% declines of maximum gs, E and K|eat Were calculated
from the best-fitted curves. All the statistical analyses in the
study were conducted in R programming (R Core Team 2020).

Results

Diurnal changes of leaf temperature, leafiet closure, cos i
and projected leaflet area under diurnal drought stress

On the clear summer day of the hot and dry mid-summer in the
field (see Figure S2 available as Supplementary data at Tree
Physiology Online), the peak air temperature reached 32 °C
and was accompanied by PAR (>1250 umol m~? s™') and low
wind speed (mean wind speed of 2.3 m s™") (Figure 1). The
leaf temperature started to deviate from the air temperature
at ~10:00 a.m. when PAR increased rapidly from 500 to
1200 pumol m~2 s~'. With the continuous deviation of leaf
temperature to air temperature closing to noon, the leaflets
closed rapidly within half an hour to 1 hour (Figure 1a). After
the leaflets’ closure, the leaf temperature of three legume
species decreased rapidly from the peak and got close to the air
temperature regardless of the remaining high air temperature,
intensified light intensity and low wind speed (Figure 1a—c).
Detailed observation revealed that the leaflet closure under
diurnal drought stress in the legume species was due to
the upward bend of the pulvinus (Figure 1d—f; see Figure S1
available as Supplementary data at Tree Physiology Online). The
projected leaflet areas significantly decreased after the leaflets
closed in three legume species (Figure 2). Specifically, the mean
projected leaflet area decreased by 93%, 80% and 77% in
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R. pseudoacacia, A. dahuricus and C. korshinskii, respectively.
Similar to decreased projected leaflet area in closed leaflets, cos
i of the leaflets declined remarkably after the leaflet closed and
closed to O at the midday (Figure 3a, c and e). Such a great
decrease of projected leaflet area and cos i of the closed leaflets
greatly reduced the solar radiation interception and thereby
reduced the heat load and eventually cooled down legumes
leaflets.

Leaf water potential and leaflet angle

The legume species experienced similar less negative water
potential at predawn (¥ pre > —0.4 MPa) but experienced very
distinct water potential at midday (¥ miq ranged from —1.35 to
—2.4 MPa) (Table 1). In three legume species, we observed
a strong dependency of leaflet closure on Wiy in the field

(Figure 3b, d and f). The leaves were kept open in relatively
high ¥ eas. Only when reaching the critical ¥ e4¢, the leaflet angle
from the horizontal started to increase linearly with ¥eq¢ until
the leaflets were completely closed. The W 4 intervals for leaflet
closure for R. pseudoacacia, A. dahuricus and C. korshinskii were
—0.95to —1.40, —0.85to —1.20 and —1.45 to —2.20 MPa,
respectively. In addition, the critical ¥ ey that the leaf started
to close was very close to but a little more negative than o
(Figure 3).

Leaflet closure in the sequence of leaf drought response
traits

The Vet at 50% declines in stomatal conductance (gsPso),
transpiration rate (EPsp) and KleasPso were calculated from the
vulnerability curves (Figure 4). gsPso and EPsg in three legume
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Y eaf and time intervals where leaf closed. In three legume species, the leaf angle changed linearly at the critical ¥es interval as the red dashed
lines show (for curved lines in (a), (c) and (e): r* = 0.94, P < 0.01; r* = 0.95, P < 0.01; r* = 0.93, P < 0.01). The leaf closure of three legume
species greatly reduced the cosine of the angle of incidence in the hot midday. The blue line represents the osmotic water potential at full turgor

(o).

species were similar in each species and higher than —1 MPa
(Figure 4a—f). In comparison, Kieaf P50 Was more negative than
gsPso and EPso (Figure 4g—i). By characterizing the sequence

of key leaf drought response traits, we found a typical sequence
of leaf drought response traits that are expected to prohibit
the leaves from severe damage during diurnal drought stress
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Figure 4. The vulnerability curves of stomatal conductance, transpiration rate and leaf hydraulic conductivity: (a), (d) and (g) the leaf water potential
at the 50% declines of stomatal conductance, transpiration rate and leaf hydraulic conductivity were —0.75, —0.75 and —2 MPa for R. pseudoacacia;
(b), (e) and (h) —0.49, —0.47 and —1.5 MPa for A. dahuricus; (c), (f) and (i) —1.18, —1.18 and —2.55 MPa for C. korshinskii, respectively,
and these are indicated by the red dashed lines. ¥ e, leaf water potential; gs, stomatal conductance; E, transpiration rate and Kieaf, leaf hydraulic

conductance.

(Figure 5). In which, gsPso and EPsg occurred at the least
negative ¥ eqf, followed by 7o, leaflet closure, KeatPso and Wip.
In addition, the Kleat Pso of three legume species was only a little
higher than W 4, exhibiting a narrow hydraulic safety margin
(Figure 5).

The meta-analysis also supported the general sequence of
drought response traits in legume species. Consistent with the
W\eof induced the 50% leaflet closed was lower than the gsPso
in this study. Meta-analysis showed that the time of day and the
W eaf at 50% leaflet closure and cos i decline occurred after the

50% stomatal conductance decreased (Figure 6). Furthermore,
both in the present study and previous studies, the time of day
that leaflets closed all occurred before noon (Figures 1 and
6a), implying that the W e induced leaf closure higher than
the ¥ nig.

Discussion

The findings in the present study provide strong support for the
hypothesis that ¥ eas-dependent leaflet closure under diurnal
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l'IJmid (C)

(a) pre wmld
|
gs I gs P50 |
[
E DE P :
Leaf turgor 0 :
[
Leaflet closure |
[
[
,<Ieaf I ,<Ieaf
|

Figure 5. Sequence of legume leaves drought response traits under acute heat stress: (a), (b) and (c) show the sequence of drought response
traits of R. pseudoacacia, A. dahuricus and C. korshinskii, respectively. In three legume species, with the ¥ ;s decreased, leaf drought response traits
sequenced by gsPso, EPso, o, leaflet closure, KieatPso and Wyp. The shaded area represents the W et interval while the leaf was closed. W eaf, leaf
water potential; ¥ e, leaf water potential in predawn; ¥ mig, leaf water potential at midday; gs, stomatal conductance; E, transpiration rate; Kieaf, leaf
hydraulic conductance; 7o, the osmotic potential at full turgor; ¥y, turgor loss point; gsPso, EPso and KieafPso represent the leaf water potential at

50% declines of maximum gs, E and Kjeaf, respectively.

drought stress effectively cooled down legume leaves through
the reduction of light interception leaflet area. The key position
of leaflet closure after stomatal closure and before hydraulic fail-
ure emphasizes the mechanical leaflet closure as an alternative
to transpiration for leaflet cooling down and as a drought avoid-
ance strategy for legume plants’ survival under diurnal drought
stress. These remarkable observations raise a thoroughly novel
perspective on the process that active leaflet movement for
plant stress avoidance upon the sessile lifespan with recurrent
droughts.

In legume species, we observed that leaflet closure at hot
summer midday is critical for leaflet cool down. Before the
leaflet closure, the maximum leaf temperature reached ~35—
40 °C and which greatly deviated from the air temperature and
exposed the leaflet to high desiccation risk (Mathur et al. 2014).
Although maintaining high stomatal conductance under drought
stress was thought as one of the most efficient leaf cooling
means (McClean et al. 2011, Prasad et al. 2017, Urban et al.
2017), in this study, we found the legume species stomatal
was sensitive to water stress and lost conductance at relatively
less negative water status (gsPso > —1 MPa). It suggests that
legume leaflets could not cool down through transpiration when
reached relatively low Weq. Alternatively, we found the leaflet
temperature decreased rapidly after the leaflets closed vertically,
implying leaflet closure plays a critical role in leaflet cool down
under low W e conditions. The finding was consistent with
the observation in B. brachycarpa that closed its leaves under
diurnal drought stress regardless of the cooling effect of leaflet

closure (Lin etal. 2017). In three legume species, leaflet closure
caused the projected leaflet area to decrease by more than
75% (Figure 2) and the rapid decrease of cos i (Figure 3). We
thus argue that leaflet closure cools legume leaves through the
decreased projected leaflet area and cos i through reducing the
light intercepting leaflet area. The idea supported the theory
that leaflet angle is the determinant factor of light interception
and thus as the selection pressure of leaf structure and function
(Walter 1979, Smith et al. 1998).

A strong dependency of leaflet closure on ¥eas was found.
In the critical W ey intervals, the leaflet angle closed linearly
with Weq. It indicated that legume leaflet closure is closely
dependent on Wyt In stark contrast to the mechanical stim-
ulation that induced leafiet closure in M. pudica (Burgert and
Fratzl 2009, Amador-Vargas et al. 2014), we found no evidence
that mechanical stimulation could induce the leaflet closure in
the species in this study and also many other plants (Braam
2005). Furthermore, leaflet closure seems also independent
of the circadian rhythm because the legume leaflets were kept
open all day long on cloudy days. The light intensity and air
temperature might also act as the possible drivers of leaflet
closure because the leaflet closure occurred under high light
intensity and high air temperature conditions. The possible
light and temperature signals related to leaflet closure need
to be investigated in future studies through physiological and
molecular tools. In this study, we argued that the leaflet closure
was closely dependent on W eas and which was driven by the
shrinkage of the motor cells on the pulvinus where the leaf bent
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Figure 6. Meta-analysis shows that the time of day and the leaf water potential at 50% leaflet closure and cosine of the angle of incidence decline
occurred after the 50% stomatal conductance decreased: (a) the time of day at 50% leaflet angle closed (LAT5p) and stomatal conductance decreased
(9sTs0); (b) the time of day at 50% cosine of the angle of incidence declined (cosiTso) and gsTso; (c) the leaf water potential at 50% leaf angle
closed (LaPsp) and stomatal conductance decreased (gsPsp) and (d) the leaf water potential at 50% cosine of the angle of incidence declined
(cosiPsp) and gsPso. The dashed line in the plots represents a 1:1 line. The samples in the right of each plot represent the species codes and the
detailed species information and meta-data are supplemented in Table S1 available as Supplementary data at Tree Physiology Online.

occurred just like M. pudica (Niinemets et al. 2004, Hejnowicz
and Barthlott 2005). Observations of the legume species’
pulvinus and osmotic traits strongly supported our hypothesis.
An obvious upward bend of the pulvinus in closed leaves was
observed (Figure 1), which implies that the pulvinus motor cells
shrunk and stretched the leaflet closure as previously reported
(Yuand Berg 1994). Furthermore, we found that the leaf started
to close only when the W was slightly lower than mo. It
suggests that the motor cells shrunk were closely coordinated
with 7. In contrast to the motor cells, the other mesophyll cells
seem not shrunk at all because the ¥ e induced leaflet closure
is much higher than ¥y, (Figure 5) (Kennedy and Booth 1958,
Sancho-Knapik et al. 2010). It means that the motor cells are
more sensitive to water loss than mesophyll cells, just like
the guard cells on the epidermis. Considering the inter-specific

differences, leaflets’ closure of the tree species R. pseudoacacia
and the herb species A. dahuricus were more sensitive to W |eaf
loss compared with the shrub species C. korshinskii (Figure 3).
It implies that C. korshinskii is more tolerant to heat and drought
stress than R. pseudoacacia and A. dahuricus, which is consistent
with the lower gsPso, EPso and KleafPso in C. korshinskii than
the other two species (Figure 4).

Although the Y|e;i-dependent leaflet closure appears to
occupy a critical role in the functioning of leaf cool down,
the importance of leaf movement under diurnal drought stress
for species drought avoidance remains to be seen. Given the
sensitive leaflet closure in response to Wiy in the hot summer
midday, it seems possible that leaf movement is a fundamental
mechanical mechanism protecting leaves from overheating and
even hydraulic failure. The idea was supported by characterizing
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the sequence of the leaves’ drought response traits. According
to the drought response sequence, the leaflet closure occurred
exactly after the stomatal closure, and before the KieatPso
and Wy, (Figure 5). It suggests that leaflet closure is an
alternative to transpiration protecting leaves from overheating
in face of drought and heat stress. The meta-analysis also
supported the idea that the leaf closure and the cosine of the
angle of incidence decreased after the stomatal conductance
declined and before midday (Figure 6). Additionally, leaflet
closure occurred before the KiesfPso, Wip and Wmig might
also function on protecting the leaves from hydraulic failure
due to the narrow legumes leaves safety margins (Figure 5).
Leaflet closure thereby might be a ‘random’ factor that alters
the uncertain hydraulic trade-off (Gleason et al. 2016, van der
Sande et al. 2019) by affecting the leaf hydraulic safety but
awaits to be further explored in future works.

The Wiy induced leaflet closure in the hot summer mid-
day recorded in the legume species ranged from —0.85 to
—1.45 MPa, suggesting that the critical ¥ eyt for leaflet closure
varied across species. Unsurprisingly, such ¥ ey range in the
midday has been recorded in a great number of species across
different climates over the globe (Choat et al. 2012), but
the leaflet closure is not generally observed. The species that
could not close their leaflets under heat stress might link to
their habitat environment, leaf shape, leaf size and texture.
For instance, species that survived in shed environments are
not exposed to high light environments even over the whole
lifespan, thereby, the leafiet closure to avoid heat stress for these
species seems unnecessary. Also, the species that lived in a
stable environment such as the tropics with sufficient soil water
supply could easily cool their leaves through transpiration by
sufficient soil water supply instead of energy-cost leaflet closure.
It is consistent with the observations of leaflet closure often
reported in water deficit areas (Medina et al. 1978), as well
as in this study. Furthermore, the mechanical force needed for
leaflet closure might also be an important constraint. According
to the mechanic’s rules, leaflet closure needs to force the leaf
fold by the motor cells shrunk in the pulvinus, in the case of the
big and thick leaves, the shrinkage of motor cells in the pulvinus
might not able to produce sufficient force to completely fold the
leaves. This to some extent explains why the leaflet closure has
not been observed in the species with big and thick leaves. Even
if low Wear could cause the slight leaflet angle change in these
species, slight movements are hard to capture and the influences
on the projected leaflet area are very tiny. Consistently, the
legume species observed in the present study indeed with a
small leaf size of fewer than 5 cm?® and a low leaf thickness of
<0.3mm (Table 1). Regardless of the critical constraints on leaf
movement still awaiting to be explored, based on the clear link
between W 5 and leaflet angle in legume species, we proposed
the ¥ ear-dependent leaflet closure under diurnal drought stress
is a drought avoidance mechanism for legume species with thin
and small leaves that habitat in hot-dry environments.

Leaflet closure contributes to drought avoidance 11

Our results provided clear evidence that the ¥ e4-dependent
leaflet closure reduced projected leaflet area as the fundamental
mechanical mechanism for leaf cool down and drought avoid-
ance. It suggests that, regardless of the sessile organism, the
active leaf movement could also help plants avoid environmentall
stress. Unlike the leafiet closure for heat avoidance in this study,
the other forms of leaflet movements such as leaf curling and
shrinkage under poor water status were also widely observed
(Werk and Ehleringer 1984, Lin et al. 2017). The leaflet
curling and shrinkage could also significantly reduce the light
interception area, and thus might cool leaves just as leaflet
closure. It needs to be noted that, no matter in our study or the
other studies, the active leaf movements are always observed
under low-speed or still wind conditions (Mooney et al. 1977,
Nilsen 1985, Lin et al. 2017). Under light airflow conditions, the
slow gas exchange between leaf and atmosphere seems unable
to cool leaflets in an efficient way (Schymanski and Or 2016). In
stark contrast to our observation that the active leaflet movement
cools legume leaves under low-speed wind conditions, the pas-
sive leaflet movement was also observed under high wind speed
conditions (Wilson 1980, Vollsinger et al. 2005, Vogel 2009).
The morphology change under high-speed wind protects the
leaves from mechanical damage driven by the tearing strength
(Vogel 2009). The strategic dichotomy is of paramount impor-
tance because the active and passive leaf movements must
yield different cost and defense trade-offs. Investigations into
the costs associated with leaf movements under different stress
conditions are required to understand how sessile plants sur-
vive successfully over the various ecological and physiological
challenges.

Conclusions

In conclusion, our results demonstrated that ¥ (e,r dependent
leaflet closure in legumes under diurnal heat and drought
stresses helped leaflet cool down through the reduction of sun-
exposed leaflet area. The leaflet closure occurred after stomatal
closure and reduced transpiration rate but before hydraulic
failure and turgor loss point implying that ¥ jeor dependent leaflet
closure as an alternative to transpiration for leaflet cooling down.
This exquisite mechanical adjustment of leaflet morphology in
response to leaf water status provides the insight that the active
leaflet closure assists sessile plants to avoid diurnal heat and
drought stresses.

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.

Acknowledgments

The authors thank H. Zhou, C.D. Wu and Y.L. Feng for the
logistical and experimental assistance.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

2202 Jaquisldasg g0 uo Jasn AusiaAiun [esnynolBy BullueN Aq §5£8599/G/0oedysAydasiy/ce0l 01 /10p/alonie-aoueApe/sAydasiy/wod dno olwapese)/:sdyy Wwol) papeojumoq


https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpac075#supplementary-data

12 Feng et al.

Conflict of interest

None declared.

Funding

The research was partially supported by the Key Research
Program of Frontier Sciences, CAS (Grant No. QYZDJ-SSW-
DQCO040) and the Strategic Priority Research Program of the
Chinese Academy of Sciences (Grant No. XDA2003010102).

Authors’ contributions

W.Z. and X.F. provided the idea and designed the experiment.
X.F, LZ. and QT. conducted the investigation, processed data
and prepared the figures. X.F. and W.Z. wrote and reviewed the
manuscript.

References

Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing with
Imagel. Biophotonics Int .

Amador-Vargas S, Dominguez M, Leon G, Maldonado B, Murillo J, Vides
GL (2014) Leaf-folding response of a sensitive plant shows context-
dependent behavioral plasticity. Plant Ecol 215:1445-1454.

Bartlett MK, Zhang Y, Kreidler N, Sun SW, Ardy R, Cao KF, Sack L
(2014) Global analysis of plasticity in turgor loss point, a key drought
tolerance trait. Ecol Lett 17:1580-1590.

Berg VS, Heuchelin S (1990) Leaf orientation of soybean seedlings. I.
Effect of water potential and photosynthetic photon flux density on
paraheliotropism. Crop Sci 30:631-638.

Bittebiere AK, Renaud N, Clement B, Mony C (2012) Morphologi-
cal response to competition for light in the clonal Trifolium repens
(Fabaceae). Am J Bot 99:646-654.

Braam J (2005) In touch: plant responses to mechanical stimuli. New
Phytol 165:373-389.

Brodribb TJ, Holbrook NM (2003) Stomatal closure during leaf dehy-
dration, correlation with other leaf physiological traits. Plant Physiol
132:2166-2173.

Brodribb TJ, McAdam SAM (2011) Stomatal (mis)behaviour. Tree
Physiol 31:1039-1040.

Brodribb TJ, McAdam SAM (2017) Evolution of the stomatal regulation
of plant water content. Plant Physiol 174:639-649.

Burgert |, Fratzl P (2009) Actuation systems in plants as pro-
totypes for bioinspired devices. Philos Trans R Soc A 367:
1541-1557.

Callwood J, Melmaiee K, Kulkarni KP, Vennapusa AR, Aicha D, Moore
M, Vorsa N, Natarajan P, Reddy UK, Elavarthi S (2021) Differential
morpho-physiological and transcriptomic responses to heat stress
in two blueberry species. Int J Mol Sci 22:2481. https://doi.
org/10.3390/ijms22052481.

Choat B, Brodribb TJ, Brodersen CR, Duursma RA, Lopez R, Med-
lyn BE (2018) Triggers of tree mortality under drought. Nature
558:531-539.

Choat B, Jansen S, Brodribb TJ et al. (2012) Global convergence in the
vulnerability of forests to drought. Nature 491:752-755.

Colpitts BG, Coleman WK (1997) Complex permittivity of the potato
leaf during imposed drought stress. IEEE Trans Geosci Remote Sens
35:1059-1064.

Craine JM, Dybzinski R (2013) Mechanisms of plant competition for
nutrients, water and light. Funct Ecol 27:833-840.

Crawford AJ, McLachlan DH, Hetherington AM, Franklin KA (2012)
High temperature exposure increases plant cooling capacity. Curr Biol
22:R396-R397.

Dichio B, Xiloyannis C, Angelopoulos K, Nuzzo V, Bufo SA, Celano
G (2003) Drought-induced variations of water relations parameters
in Oleaeuropaea. Plant Soil 257:381-389.

Ehleringer J, Forseth | (1980) Solar tracking by plants. Science 210:
1094-1098.

Falster DS, Westoby M (2003) Plant height and evolutionary games.
Trends Ecol Evol 18:337-343.

Fellows RJ, Boyer JS (1978) Altered ultrastructure of cells of
sunflower leaves having low water potentials. Protoplasma 93:
381-395.

Feng XY, Lin PF, Zhao WZ (2022) The physiological constraints of
alpine treeline in Qilian Mountains. Forest Ecol Manag 503:119761.
https://doi.org/10.1016/j.foreco.2021.119761.

Gleason SM, Westoby M, Jansen S et al. (2016) Weak tradeoff between
xylem safety and xylem-specific hydraulic efficiency across the world’s
woody plant species. New Phytol 209:123-136.

Hejnowicz Z, Barthlott W (2005) Structural and mechanical peculiarities
of the petioles of giant leaves of Amorphophallus (Araceae). AmJ Bot
92:391-403.

Huang W, Zhang JL, Zhang SB, Hu H (2014) Evidence for the
regulation of leaf movement by photosystem Il activity. Environ Exp
Bot 107:167-172.

Kennedy JS, Booth CO (1958) Water relations of leaves from woody
and herbaceous plants. Nature 181:1271-1272.

Lang MSCLHK, Schindler C, Lichtenthaler HK (1995) Function of leaf
hairs and leaf waxes in the protection of the photosynthetic appara-
tus against photoinhibition. Photosynthesis: from light to biosphere.
Springer Netherlands, Dordrecht, pp. 3413-3416,

Li S, Feifel M, Karimi Z, Schuldt B, Choat B, Jansen S (2016) Leaf gas
exchange performance and the lethal water potential of five European
species during drought. Tree Physiol 36:179-192.

Lin H, Chen YJ, Zhang HL, Fu PL, Fan ZX (2017) Stronger cooling
effects of transpiration and leaf physical traits of plants from a hot
dry habitat than from a hot wet habitat. Funct Ecol 31:2202-2211.

Martorell S, Medrano H, Tomas M, Escalona JM, Flexas J, Diaz-Espejo A
(2015) Plasticity of vulnerability to leaf hydraulic dysfunction during
acclimation to drought in grapevines: an osmotic-mediated process.
Physiol Plant 153:381-391.

Mathur S, Agrawal D, Jajoo A (2014) Photosynthesis: response to high
temperature stress. J Photochem Photobiol B Biol 137:116-126.
McAdam SAM, Brodribb TJ (2014) Separating active and pas-
sive influences on stomatal control of transpiration. Plant Physiol

164:1578-1586.

McAdam SAM, Brodribb TJ (2016) Linking turgor with ABA biosyn-
thesis: implications for stomatal responses to vapor pressure deficit
across land plants. Plant Physiol 171:2008-2016.

McClean PE, Burridge J, Beebe S, Rao IM, Porch TG (2011) Crop
improvement in the era of climate change: an integrated, muilti-
disciplinary approach for common bean (Phaseolus vulgaris). Funct
Plant Biol 38:927-933.

Medina E, Sobrado M, Herrera R (1978) Significance of leaf orientation
for leaf temperature in an Amazonian sclerophyll vegetation. Radiat
Environ Biophys 15:131-140.

Meidner H (1955) Changes in the resistance of the mesophyll tissue
with changes in the leaf water content. J Exp Bot 6:94-99.

Meinzer FC, Woodruff DR, Marias DE, McCulloh KA, Sevanto S (2014)
Dynamics of leaf water relations components in co-occurring iso- and
anisohydric conifer species. Plant Cell Environ 37:2577-2586.

Mooney HA, Ehleringer J, Bjérkman O (1977) The energy balance of
leaves of the evergreen desert shrub Atriplex hymenelytra. Oecologia
29:301-310.

Tree Physiology Volume 00, 2022

2202 Jaquisldasg g0 uo Jasn AusiaAiun [esnynolBy BullueN Aq §5£8599/G/0oedysAydasiy/ce0l 01 /10p/alonie-aoueApe/sAydasiy/wod dno olwapese)/:sdyy Wwol) papeojumoq


https://doi.org/10.3390/ijms22052481
https://doi.org/10.1016/j.foreco.2021.119761

Niinemets U, Al Afas N, Cescatti A, Pellis A, Ceulemans R (2004) Petiole
length and biomass investment in support modify light interception
efficiency in dense poplar plantations. Tree Physiol 24:141-154.

Nilsen ET (1985) Seasonal and diurnal leaf movements of Rhododen-
dron maximum L. in contrasting irradiance environments. Oecologia
65:296-302.

Patil HS, Vaijapurkar S (2007) Study of the geometry and folding
pattern of leaves of Mimosa pudica. J Bionic Eng 4:19-23.

Pearcy RW (1990) Sunflecks and photosynthesis in plant canopies.
Annu Rev Plant Physiol 41:421-453.

Potters G, Pasternak TP, Guisez Y, Jansen MAK (2009) Different
stresses, similar morphogenic responses: integrating a plethora of
pathways. Plant Cell Environ 32:158-169.

Pou A, Medrano H, Tomas M, Martorell S, Ribas-Carbo M, Flexas
J (2012) Anisohydric behaviour in grapevines results in better
performance under moderate water stress and recovery than isohydric
behaviour. Plant Soil 359:335-349.

Prasad PVV, Bheemanahalli R, Jagadish SVK (2017) Field crops and the
fear of heat stress—opportunities, challenges and future directions.
Field Crop Res 200:114-121.

Prichard JM, Forseth IN (1988) Photosynthetic responses of two
heliotropic legumes from contrasting habitats. Plant Cell Environ
11:591-601.

R Core Team (2020) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Rakocevic M, Muller M, Matsunaga FT, Neumaier N, Farias JRB, Nepo-
muceno AL, Fuganti-Pagliarini R (2018) Daily heliotropic movements
assist gas exchange and productive responses in DREB1A soybean
plants under drought stress in the greenhouse. Plant ] 96:801-814.

Sack L, Cowan PD, Jaikumar N, Holbrook NM (2003) The 'hydrology’
of leaves: co-ordination of structure and function in temperate woody
species. Plant Cell Environ 26:1343-1356.

Sack L, Pasquet-Kok J, Bartlett M (2011) Leaf pressure-volume curve
parameters. PrometheusWiki. http://prometheuswiki.publish.csiro.au/
tiki-index.php?page=Leaf+pressure-volume+curve+parameters.

Sancho-Knapik D, Alvarez-Arenas TG, Peguero-Pina JJ, Gil-Pelegrin E
(2010) Air-coupled broadband ultrasonic spectroscopy as a new non-
invasive and non-contact method for the determination of leaf water
status. J Exp Bot 61:1385-1391.

Saudreau M, Ezanic A, Adam B, Caillon R, Walser P, Pince-
bourde S (2017) Temperature heterogeneity over leaf surfaces:
the contribution of the lamina microtopography. Plant Cell Environ
40:2174-2188.

Schulze ED, Lange OL, Kappen L, Buschbom U, Evenari M (1973)
Stomatal responses to changes in temperature at increasing water
stress. Planta 110:29-42.

Schymanski SJ, Or D (2016) Wind increases leaf water use efficiency.
Plant Cell Environ 39:1448-1459.

Leaflet closure contributes to drought avoidance 13

Scoffoni C, Rawls M, McKown A, Cochard H, Sack L (2011) Decline of
leaf hydraulic conductance with dehydration: relationship to leaf size
and venation architecture. Plant Physiol 156:832-843.

Scoffoni C, Vuong C, Diep S, Cochard H, Sack L (2014) Leaf shrinkage
with dehydration: coordination with hydraulic vulnerability and drought
tolerance. Plant Physiol 164:1772—1788.

Smith WK, Bell DT, Shepherd KA (1998) Associations between leaf
structure, orientation, and sunlight exposure in five Western Australian
communities. Am J Bot 85:56-63.

Sperry JS (1986) Relationship of xylem embolism to xylem pressure
potential, stomatal closure, and shoot morphology in the palm Rhapis
excelsa. Plant Physiol 80:110-116.

Tilman D (1988) Plant strategies and the dynamics and structure of
plant communities. Princeton University Press, Princeton.

Tyree MT, Hammel HT (1972) The measurement of the turgor pressure
and the water relations of plants by the pressure-bomb technique. J
Exp Bot 23:267-282.

Urban J, Ingwers M, McGuire MA, Teskey RO (2017) Stomatal
conductance increases with rising temperature. Plant Signal Behav
12:e1356534—-e1356534.

van der Sande MT, Poorter L, Schnitzer SA, Engelbrecht BMJ,
Markesteijn L (2019) The hydraulic efficiency-safety trade-off differs
between lianas and trees. Ecology 100:e02666.

Vogel S (2009) Leaves in the lowest and highest winds: temperature,
force and shape. New Phytol 183:13-26.

Vollenweider P, Gunthardt-Goerg MS (2005) Diagnosis of abiotic and
biotic stress factors using the visible symptoms in foliage. Environ
Pollut 137:455-465.

Vollsinger S, Mitchell SJ, Byrne KE, Novak MD, Rudnicki M (2005) Wind
tunnel measurements of crown streamlining and drag relationships for
several hardwood species. Can J For Res 35:1238-1249.

Walter, HW.J. (1979). Vegetation of the earth and ecological systems
of the geo-biosphere. Springer US; New York, NY. https://doi.org/10.
1007/978-1-4684-0468-5.

Werk KS, Ehleringer J (1984) Non-random leaf orientation in Lactuca
serriola L. Plant Cell Environ 7:81-87.

Wilson J (1980) Macroscopic features of wind damage to leaves of
acer-pseudoplatanus L. and its relationship with season, leaf age, and
windspeed. Ann Bot-London 46:303-311.

Yates MJ, Verboom GA, Rebelo AG, Cramer MD (2010) Ecophysio-
logical significance of leaf size variation in Proteaceae from the Cape
Floristic Region. Funct Ecol 24:485-492.

Ye CQ, Li MZ, Hu JP, Cheng QF, Jiang L, Song YL (2011)
Highly reflective superhydrophobic white coating inspired by poplar
leaf hairs toward an effective "cool roof'. Energy Environ Sci 4:
3364-3367.

Yu F, Berg VS (1994) Control of paraheliotropism in two Phaseolus
species. Plant Physiol 106:1567-1573.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

2202 Jaquisldasg g0 uo Jasn AusiaAiun [esnynolBy BullueN Aq §5£8599/G/0oedysAydasiy/ce0l 01 /10p/alonie-aoueApe/sAydasiy/wod dno olwapese)/:sdyy Wwol) papeojumoq


http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Leaf+pressure-volume+curve+parameters
http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Leaf+pressure-volume+curve+parameters
https://doi.org/10.1007/978-1-4684-0468-5

	 Leaf water potential-dependent leaflet closure contributes to legume leaves cool down and drought avoidance under diurnal drought stress
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Supplementary data
	Conflict of interest
	Funding
	Authors' contributions


