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Summary

e Xylem hydraulic failure (HF) has been identified as a ubiquitous factor in triggering
drought-induced tree mortality through the damage induced by the progressive dehydration
of plant living cells. However, fundamental evidence of the mechanistic link connecting xylem
HF to cell death has not been identified yet. The main aim of this study was to evaluate, at the
leaf level, the relationship between loss of hydraulic function due to cavitation and cell death
under drought conditions and discern how this relationship varied across species with con-
trasting resistances to cavitation.

¢ Drought was induced by withholding water from potted seedlings, and their leaves were
sampled to measure their relative water content (RWC) and cell mortality. Vulnerability curves
to cavitation at the leaf level were constructed for each species.

¢ An increment in cavitation events occurrence precedes the onset of cell mortality. A varia-
tion in cells tolerance to dehydration was observed along with the resistance to cavitation.

e Overall, our results indicate that the onset of cellular mortality occurs at lower RWC than
the one for cavitation indicating the role of cavitation in triggering cellular death. They also
evidenced a critical RWC for cellular death varying across species with different cavitation

resistance.

Introduction

In the context of the ongoing climate change, temperature and
precipitation patterns are changing in many areas world-wide
(IPCC, 2022). Consequently, the severity of drought episodes is
increasing in several areas of the world and is expected to con-
tinue to do so in the near future IPCC, 2022). Climate change
which has already shown important consequences on tree survival
and forest dieback is therefore expected to dramatically accelerate
forest mortality as drought intensity increases (Allen ez af., 2010;
McDowell et al., 2022).

The mechanisms of tree mortality under drought conditions
have been largely evaluated in the last decades, and many studies
have shown that the impairment of the water transport system
leads trees to death through hydraulic failure (HF) (Utli
et al., 2013; Salmon et al., 2015; Hammond ez al., 2019; Man-
tova et al., 2021). Hydraulic failure occurs under drought condi-
tions when there is an accumulation of emboli within the
sapwood past a threshold after which water transport is irrecover-
able (McDowell et al, 2022). Even though HF has been
unequivocally considered as the predominant triggering mecha-
nism for tree death by ecophysiologists and modellers (Anderegg
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et al., 2015; Sperry & Love, 2015; Adams ez al., 2017; Brodribb
et al., 2020; Lemaire et al., 2021) and should provoke tree mor-
tality by leading to cellular desiccation and death (McDowell
et al., 2008, 2022), recent studies have shown that the empirically
defined percentage loss of conductance (PLC) thresholds for
mortality (50% and 88% for conifers and angiosperms respec-
tively) were not precise enough when aiming to predict cell, tissue
and thus tree death under drought conditions (Hammond
et al., 2019; Mantova et al., 2021, 2022). Indeed, recent observa-
tions have shown how trees could recover from water stress even
beyond those PLC thresholds, that is ¢. 80% for conifers (Ham-
mond ¢t al., 2019) and after almost full embolization for angios-
perms (Mantova et al., 2021), and could also present no evidence
of tissue death until very high level of embolization (i.e. 90%)
(Johnson ez al., 2022).

Despite McDowell ez al. (2008, 2022) hypothesizing that HF
provokes tree mortality by leading to complete desiccation and
cellular death, the consequences of HF on cellular dehydration
and cellular mortality per se remain largely unexplored. Indeed,
even though the correlation between HF and tree mortality has
been largely assessed in  woody species (Brodribb &
Cochard, 2009; Choat e al., 2012; Barigah ez al, 2013; Utli
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etal., 2013; Adams ez al., 2017; Hammond ez al., 2019; Mantova
et al., 2021), only a single recent study performed on tomato spe-
cies, a nonwoody species, and integrating HF and cell mortality
has shown that vascular network failure in leaves leads to tissue
death (Brodribb ez al, 2021). Thus, even if Brodribb
et al. (2021) have evinced a strong mechanistic foundation link-
ing xylem network failure and leaf tissue death, it remains
unknown, for woody species, whether cells start to die at the
onset of xylem cavitation or whether there is a delay before
encountering cell damage. In addition, the level of PLC at which
cellular death occurs and how it varies across species with con-
trasting resistance to xylem cavitation remain unexplored.

The decrease in relative water content (RWC) at the organ
level has been linked with cell membrane disruption and thus cel-
lular death in many studies (Wang ez al, 2008; Chaturvedi
et al., 2014; Guadagno et al., 2017). These advances at the cellu-
lar level have led to a renewed integrative framework linking the
dysfunction of the water transport system (i.e. the xylem) and cel-
lular mortality recognizing the relevance of RWC and the level of
cell membrane damage as good candidate variables for predicting
mortality (Mantova ez al., 2022). Relative water content is a valu-
able water status indicator of cell stress as it represents relative cell
volume shrinkage, cell membrane tension and turgor
(Zhu, 2016; Sack et al., 2018; Martinez-Vilalta et al., 2019; Sapes
et al., 2019). Also, RWC presents the advantage of being a metric
to which cells respond directly and being a direct measurement
of the dehydration state of plant organs. Some empirical evidence
has shown that the leaf RWC at turgor loss point (TLP) was rela-
tively high and constant across species compared with the leaf
water potential at TLP (Bartlett ez al., 2012). Thus, RWC could
serve as a potential candidate to define a dehydration threshold
(inflexion point) below which cells start to suffer from water
stress (Martinez-Vilalta et 2/, 2019), which would be of great
help when assessing the dynamic of cavitation propagation and
cellular death.

Apart from changes in fluorescence noticed following initial cav-
itation (Brodribb ez al, 2021), leaves show conjoint changes in leaf
colour and increases in the rate of leaf shrinkage (Johnson
et al., 2018), due to the rapid dehydration of the mesophyll down-
stream (Brodribb ez al, 2021). The changes in leaf colour have
been attributed to the loss of turgor and the collapse of the palisade
cells, which decrease the distance between cells, thereby decreasing
light transmittance (Brodribb ez al, 2021). However, even though
tissue dehydration should be associated with structural changes,
particularly shrinkage, occurring at the tissue level (Johnson
et al., 2018; Lamacque ez al., 2020; Bourbia ez al,, 2021) and could
also be responsible for cellular death (Mantova ez al, 2022), it has
not been described yet if cell mortality is a consequence of cell cavi-
tation (Rajashekar & Lafta, 1996; Sakes ez al., 2016), collapse or
cytorrhysis (Oertli, 1986).

Considering the actual need to understand the underlying pro-
cesses connecting HF and cellular mortality (Mantova
et al., 2022; McDowell ez al., 2022), the main aims of this study
are to (1) evaluate whether the water transport impairment
through cavitation is the triggering factor causing cell death
under drought conditions in woody species, (2) study whether

New Phytologist (2022)
www.newphytologist.com

New
Phytologist

the relationship between cavitation occurrence and cell death var-
ies across species with contrasting resistances to drought and (3)
identify a RWC threshold inducing plant cell damage from
drought. We worked at the leaf level to elucidate the causal link
between a decreasing water supply, caused by xylem cavitation,
the decrease in leaf RWC (RWCp,p) and cell mortality. For this,
we investigated three different species having contrasted cavita-
tion resistance: Eucalyptus viminalis, Laurus nobilis and Populus
tremula X alba. We exposed individuals of each species to severe
drought conditions, and, during the dehydration process, we
monitored their water status via the measurement of the leaf
water potential (Wi..p) and RWC; .. During leaf dehydration,
we assessed cell vitality using the electrolyte leakage (EL)
approach. We also performed synchrotron-based micro-CT to
anatomically visualize the consequences of a decreasing water
supply on the different leaf tissues and decipher the sequence of
events leading to cell death. This approach gave us the opportu-
nity to test the connection between cavitation and cell death in
leaves.

Materials and Methods

Plant material and experimental setup

The experiments were carried out in three tree species: E. vimi-
nalis Labill., L. nobilis L. and P. tremula X alba (clone INRA
717-1B4), from February to September 2020. For each species,
trees were grown under nonlimiting water conditions in 9.2, 7.5
and 4 1 pots, respectively, at the INRAe PIAF Research Station of
Clermont-Ferrand, France (45°46'10.793"N, 3°8'48.347"E) for
E. viminalis and P. tremula x alba and in Les Cheres, France
(45°54'48.6"N, 4°39'14.399"E) for L. nobilis. Eucalyptus vimi-
nalis trees were 3 yr old at the time of the experiment, while L. no-
bilis individuals were 2 yr old and P. tremula x alba trees were
6 months old. For each species, between 6 and 11 plants were
exposed to a progressive and total bench dehydration by with-
holding irrigation.

Leaf physiological traits

Pressure—volume curves Pressure—volume (PV) curves provide
information about turgor pressure, osmotic pressure and elastic
properties of cells and how these parameters change with cell
water content during water stress. Pressure—volume curves were
produced on six leaves per species, and TLP (expressed in MPa:
Wrpp or in the percentage of RWC: RWCryp) and modulus of
elasticity (e) were determined according to standard methods for
each species (Sack er al., 2010). Briefly, leaves were rehydrated
overnight by soaking the leaf petiole in distilled water. Wy ¢ was
measured with a Scholander-type pressure chamber (PMS, Cor-
vallis, OR, USA), following precautions and recommendations
by Rodriguez-Dominguez et al. (2022), while the weight was
measured with a balance (Mettler AE 260, DeltaRange®; Mettler
Toledo, Columbus, OH, USA) along the course of the experi-
ment (13—15 times a day). The leaf dry mass was determined
after drying the leaves at 70°C for 3 d.

© 2022 The Authors
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Vulnerability curves to cavitation Leaf vulnerability to cavita-
assessed using the optical method (Brodribb
et al., 2016) in six to eight intact and unpotted trees per species.
Based on the principle that light interacts differently with the
xylem that is water-filled or air-filled, it is possible to compare
the quantitative differences in brightness caused by cavitation

tion was

events between consecutive images and generate vulnerability
curves over the decreasing water potential. Briefly, two healthy
and fully expanded leaves per individual and species were
installed on a scanner (V800 perfection; Epson, Suwa, Nagano,
Japan), for E. viminalis, or on clamps equipped with a camera
(http://www.opensourceov.org/), for L. nobilis and P. trem-
ula x alba, and images were taken, using transmitted light to illu-
minate them, every 5 min during the dehydration process. The
imaged area encompassed all vein orders, including the midrib.
Scan resolution was set at 1200 dpi to ensure sufficient visualiza-
tion of midrib and major veins. For both methods, image
sequences were then analysed manually according to Brodribb
et al. (2016, 2017) using Fi1 (Schindelin ez al, 2012). Briefly,
embolism formation can be identified and quantified by subtract-
ing consecutive images as changes in the grey level associated with
vascular tissue. The ‘Analyse Particles’ function was used to mea-
sure the area of embolized pixels in each image, and threshold
analyses were used to remove noise related to leaf movement
from drying. The percentage of embolized area for each image
was calculated as the amount of embolism cumulated and the
total embolized area of the scanned area incorporating only major
vein orders.

The vulnerability curves to cavitation were obtained by plot-
ting the leaf water potential (W) measured regularly, that is
once or twice a day depending on the dehydration rate of the
tree, in three different neighbour leaves using a Scholander-type
pressure chamber (PMS), against the percentage of embolized
pixels (PEP: % of total). Psg (the Wy . value at which 50% of the
xylem cavitation events had been observed) was determined by
fitting a sigmoid using Eqn 1 (Pammenter & Vander Willi-
gen, 1998) where 4 is the slope of the curve at the inflexion
point:

100

PEP = (1 4 ed(¥rar = Ps0))

Eqn 1

W cof values inducing 50%, 12% and 88% of xylem cavitation
(i.e. Pso, P1o and Pgg respectively) were computed using the R
FITPLC package (Duursma & Choat, 2017).

Water status, leaf relative water content and electrolyte
leakage

Over the progressive bench dehydration of each individual used
for constructing the leaf vulnerability curves, regular samplings of
three to five leaves (depending on leaf material availability) were
carried out for assessing the water status and cellular integrity of
each individual. Briefly, Wi.p leaf relative water content
(RWCap) and leaf cellular integrity through the percentage of
EL were measured on those leaves.

© 2022 The Authors
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W/ ..r was measured using a Scholander-type pressure chamber
(PMS), while RWC; .,s was measured and calculated according
to Barrs & Weatherley (1962). Briefly, for RWC ., leaves were
cut and immediately placed in a vial to prevent further desicca-
tion. RWC ¢ was then calculated according to Eqn 2:

(FW—-DW)

RWC =~ 7
e (TW—DW)

Eqn 2

where FW is the fresh weight measured immediately after
sampling, TW is the turgid weight measured after immersing the
leaf in distilled water for 24 h and DW is the dry weight of sam-
ples after 24 h of drying in an oven at 70°C. All measurements
were done using a precision scale (Mettler ME 204; Mettler
Toledo).

For E. viminalis and L. nobilis, and at RWC values lower than
30% and 25% respectively, a decrease in the ratio (Eqn 3) was
observed (Fig. S1) indicating an incapacity of the sample to rehy-
drate to full turgor that would provoke an overestimation of the
RWC (John et al., 2018; Abate et al., 2021).

TW-DW B
“Dw qn 3
Thus, as the ratio (Eqn 3) of rehydrated samples is supposed to
be constant if the cells do not lose their rehydration ability, the
TW of the samples showing a decreased ratio (Eqn 3) was recom-
puted using the average ratio (Eqn 3) determined for each species
on the samples collected above the determined threshold value
for full rehydration (i.e. on samples showing a RWC > 30% for
E. viminalis and > 25% for L. nobilis). Then, the RWC was
recalculated according to Eqn 2 replacing the TW value by the
recomputed TW.

Electrolyte leakage was measured using an adapted protocol
of the original EL protocol of Zhang & Willison (1987) and
Sutinen er al. (1992). Each leaf was cut in 1 mm slices using
a pair of scissors and immersed in test tubes containing
15ml of pure water. Test tubes were shaken at
60 shakes min™" overnight at 5°C to stop enzyme activity.
Water conductivity of the effusate (C1) was then measured at
temperature (. 22°C) using a conductimeter
(SevenCompact $230; Mettler Toledo) and a sensor with a
measuring range of 0.001-500 pS cm™' (Cell Cond InLab
741; Metter Toledo). After C1 measurement, all living cells
were killed by autoclaving the samples at 121°C for 30 min
(King & Ludford, 1983). Measurement of the effusate maxi-
mal conductivity (C2) was then done at room temperature.
The EL was then determined as:

room

C1
EL =—x 100
c2

Eqn 4
Electrolyte leakage values were normalized between 0 and 100 to
define a minimum and maximum level of cellular damage by
using the mean value of the 10 lowest points and the 10 maxi-
mum points.
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Cavitation and cellular death dynamics regarding cellular
water stress: nonlinear regressions and sigmoid parameters

The images obtained with the optical method for determining the
leaf vulnerability curve to cavitation were reused to determine the
level of embolism over the decrease in RWCi . Using the
RWC; ¢ data collected as described previously and a linear regres-
sion in phases, we calculated the RWCy ¢ for each individual and
associated each image with a RWC ¢ value. We then plotted the
RWC o, against PEP for six to eight individuals per species. The
RWCs (the RWCi ¢ value at which 50% of the xylem cavitation
events had been observed) was determined by fitting a sigmoid
using Eqn 5 (Pammenter & Vander Willigen, 1998), where 4 is
the slope of the curve at the inflexion point:

100
(1 + £?(RWCrar —RWCs))

PEP = Eqn 5

By analogy with the Pj, and Pgg points, RWC;, and RWCgg
representing the RWCj ¢ value associated with 12% and 88%
loss of hydraulic conductance were computed using the FiTPLC R
package (Duursma & Choat, 2017) replacing the W}, inputs
with the RWCp ¢ values (Fig. 1).

In order to visualize the dynamic of cell damage as the RWCj ¢
decreased, the percentage of EL was plotted against RWC ¢ for
each species. A nonlinear regression (NLS), four-parameter logistic
regression, was fitted using SIGMAPLOT with Eqn 6:

(max—min)

x_—Hillslope
ELso

where ELsq represents the RWC ¢ value at which 50% of the
cells are dead, max and min represent the maximum and

NLS = min + Eqn 6

Mortality belt
B e
100

RWC

B o)) [o]
o o o
l I l

Embolism or EL (%)

N
o
I

80 100

RWC,,,,(%)

Fig. 1 Conceptual figure representing, in blue, the safety margin to
cellular integrity in between the leaf relative water content at turgor loss
(RWCqp) and the critical leaf RWC (RWC_t) and in purple the mortality
belt defined through the slope of the tangent of the electrolyte leakage
(EL) regression at the midpoint (ELso). Dashed grey lines represent the
RWC values at which 12% (RWCy,), 50% (RWCs0) and 88% (RWCgg) of
the vessels are embolized.
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minimum EL value of the dataset, and Hillslope represents the
slope of the regression at the inflexion point.

From this NLS fitting was extracted the critical level of RWC
(RWC,;,) below which the cells start to incur damage from water
stress. By analogy with the air entry pressure defined by Meinzer
et al. (2009) and Torres-Ruiz et 2/ (2017), the RWC,;, was
determined at the x-intercept of the tangent through the mid-
point (ELso) of the NLS regression curve and corresponded to
12% of cell damage (Fig. 1). The slope of the regression was used
to determine the ‘Mortality Belt’ (Fig. 1), that is the range in
which the decrease in RWC; ¢ provokes the maximum cell dam-
age. Combining the EL NLS fitting and the leaf material proper-
ties, we calculated, for each species, a safety margin for cellular
integrity in between RWCTLP and RWCcrit (Flg 1) RWCTLP
was used as the starting point of the safety margin for cellular
integrity, serving as a proxy for stomatal closure and correspond-
ing therefore to an important reduction in water losses that pre-
vents an important decrease in RWC.

X-ray micro-CT anatomical analyses

Synchrotron-based X-ray micro-CT was used to visualize the
shape of the cells within the leaf blade of the three studied spe-
cies at different RWC. Fifteen leaves sampled from 10 E. vimi-
nalis individuals, 16 leaves from eight L. nobilis individuals and
10 leaves from six P. tremula X alba individuals were scanned
between 8 September and 14 September 2020, at the French
synchrotron facility SOLEIL (Paris, France) using the micro-
CT PSICHE beamline. Two weeks before the scans, irrigation
was withheld progressively in the different trees in order to
generate a wide range of Wi and RWCi,¢ at the time of
scanning.

The leaf of interest was scanned using a high-flux
(3.1011 photons mm2) 25-keV monochromatic X-ray beam.
The projections were recorded with a Hamamatsu Orca Flash
sCMOS Camera (Hamamatsu Photonics KK, Shizuoka, Japan)
equipped with a 250-Im-thick LuAG Scintillator and visible
light optics providing an effective pixel size of 0.3 um. The
complete tomographic scan included 2048 projections, 50 ms
each, for a 180° rotation. Samples were exposed for 75 s to the
X-ray beam. Tomographic reconstructions were performed
using PYHST2 software (Mirone er al, 2014) employing the
method of Paganin (2006). Each leaf scan led to a volume of
2048 images. For each species, three images were extracted from
the volumes of five (E. viminalis; L. nobilis) or six (P. trem-
ula X alba) samples and were analysed using Fir software
(Schindelin ez al, 2012). The different leaf tissues, that is epi-
dermis, palisade parenchyma and spongy parenchyma, were out-
lined in three to five slices per stack using the frechand selection
tools, and their area determined in pm? using the measuring
tool of Fij1 (Schindelin et al., 2012).

At the same time of the scan, three leaves located next to the
scanned leaf were used to measure Wy, with a Scholander-type
pressure chamber (Precis 2000, Gradignan, France). Three other
nearby leaves were used to determine the RWCy ., and three
others were used to determine the EL.

© 2022 The Authors
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Measurements of leaf light transmittance

During the experiments allowing to generate the vulnerability
curves to cavitation, obvious colour changes occurred. In the 8-
bit image stacks, these changes could be detected as a darkening
of the leaf tissue, and thus the stack of images was used to moni-
tor changes in greyscale (Brodribb ef 4/, 2021). For this, using
Fij1 software (Schindelin et 2/, 2012) and the command ‘measure
stack’ from the OSOV Toolbox, we measured the grey mean
value for each image of the stack. The loss in light transmittance
was then calculated as the percentage of maximum.

A second noticeable change in leaf colour (i.e. blackening),
more intense than the darkening observed along the dehydration,
was noticed after full embolization of the vessels at very low
RWC .r and started at the edges of the leaf. Therefore, measure-
ments of the leaf light transmittance were made in the visibly dif-
ferent regions of the leaf. Considering this, synchrotron-based X-
ray micro-CT scans were performed on the different regions of
the leaf, that is in a section with a high light transmittance and in
a section with a low light transmittance, allowing distinction of
anatomical changes.

Results

Turgor loss point and leaf resistance to cavitation

Pressure—volume curves (Fig. S2) allowed determining both TLP
and € for each species. Wrpp occurred at —1.38 MPa for P. rem-
ula X alba, —1.61 MPa for E. viminalis and —2.46 MPa for
L. nobilis corresponding to RWCryp values of 88.24%, 88.05%

Table 1 Parameters extracted for each species.

Research'™5 ™

and 90.65% respectively (Table 1). &€ was 10.88, 10.22 and
15.56 MPa for P. tremula x alba, E. viminalis and L. nobilis
respectively (Table 1). Xylem vulnerability curves (Fig. S3)
resulted in Psy values of —1.96, —3.23 and —5.17 MPa for
P. tremula x alba, E. viminalis and L. nobilis respectively
(Table 1).

Dying of thirst?

On the observed sigmoidal opposed dynamics for RWCj ., and
the percentage of embolism during dehydration (Fig. 2), three
different phases could be distinguished for each species. A first
phase between the maximal RWC ¢ at W} o¢ values of c. 0 MPa
and W1 p where RWCy ¢ diminished slowly and the amount of
embolism remains close to zero; a second phase after reaching the
Wrpp concomitant to a significant increase in embolism until Pgg
where the RWCj ¢ decreased exponentially; and a third phase
after HF (Pgg) where only residual losses of water occurred and
RWC; .. decreased slightly until reaching a steady state. During
the first phase, a decrease in RWCy ¢ of . 16% for P. trem-
ula X alba, c. 5% for E. viminalis and c¢. 13% L. nobilis was
observed. Therefore, at W1 p, embolism levels of 20.0%, 3.3%
and 8.2% were observed for P. tremula X alba, E. viminalis and
L. nobilis respectively. During the second phase, as the level of
embolism reached 88%, RWC; s decreased from 75.8% to
45.6% for P. tremula X alba, from 83.4% to 51.7% for E. vimi-
nalis and from 76.3% to 27.4% for L. nobilis. During the third
phase, that is after reaching Pgg, RWC| ¢ continued to decrease
until reaching a RWC ¢ steady state of ¢. 20% for P. trem-
wla X alba and L. nobilisand c. 37% for E. viminalis.

Eucalyptus viminalis

Laurus nobilis

Parameter Populus tremula x alba
Wr.p (MPa) —1.38 (0.2 SE)
RWCrp (%) 88.24 (41.80 SE)

€ (MPa) 10.88 (+1.21 SE)

P12 (MPa) —1.05 CI [-1.09; —1.01]
Pso (MPa) —1.96 CI [-1.99; —1.94]
Pgg (MPa) —2.88Cl[-2.92; —2.84]
RWCi3 (%) 80.95 CI [80.03; 81.88]
RWCsq (%) 61.66 Cl [61.13; 62.14]
RWCgs (%) 42.38 ClI [41.33; 43.28]
Yot (MPa) —0.70 Cl [-1.18; —0.23]
RWCit (%) 69.04 CI [65.90; 73.43]

Safety margin (% RWC)
EL50 (MPa)

20.00
—2.98 (+£0.28 SE)

ELso (%RWC) 42.56 (+1.45 SE)
ELmax (%RWC) 16.09 Cl [13.24; 17.76]
Slope NLS —3.21(4+0.34 SE)

—1.61(£0.23 SE)

88.05 (£3.85 SE)

10.22 (£2.24 SE)

—2.28 Cl [-2.34; —2.23]
—-3.23 Cl [-3.26; —3.20]
—4.17 Cl [-4.20; —4.15]
77.74 Cl1[75.72; 79.88]
60.99 Cl1[60.12; 61.98]
44.23 ClI [43.41; 44.98]
—2.81 Cl [-2.96; —2.68]
56.36 Cl [65.23; 58.10]
31.69

—6.15 (+£0.31 SE)

41.75 (£0.69 SE)

27.13 Cl [25.46; 28.12]
—5.71 (£0.52 SE)

—2.46 (+£0.45 SE)

90.65 (+2.09 SE)

15.56 (+5.40 SE)

—2.95 Cl [-3.02; —2.88]
-5.17 CI [-5.22; -5.13]
-7.39Cl[-7.46; -7.32]
63.01 Cl1[62.70; 63.31]
51.40 CI1 [51.18; 51.65]
39.80 CI [39.53; 40.08]
—3.27 Cl [-3.42; —2.99]
54.95 Cl [52.60; 59.50]
35.70

—5.95 (+0.23 SE)

36.17 (£1.09 SE)

17.39 CI [15.43; 17.56]
—3.85 (£0.51 SE)

W p and RWCrp represent, respectively, the water potential and relative water content (RWC) value at the turgor loss point. € represents the cell modulus
of elasticity. P42, Pso and Pgg correspond to the water potential value inducing 12%, 50% and 88% of loss of xylem hydraulic conductance respectively.
RWCj,, RWCso and RWCgg represent the RWC value encountered at 12%, 50% and 88% of loss of xylem hydraulic conductance respectively. ¥t and
RWC,;: symbolize the water potential and RWC values at which cell integrity begins to be compromised by dehydration. The safety margin designates the
decrease between the leaf RWCrp and RWC,it. ELsg represents the water potential value or RWC value at which 50% of cell damage is encountered.
ELmax designates the RWC value at which 100% of cell damage is encountered. Slope nonlinear regression corresponds to the slope of the regression and
represents the rate of cellular mortality. The confidence intervals are provided in brackets, while the standard errors are indicated in parenthesis.

© 2022 The Authors
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Fig. 2 Dynamic of embolism propagation and leaf relative water content
(RWC4f) regarding a decrease in water potential (¥) for (a) Populus
tremula x alba, (b) Eucalyptus viminalis and (c) Laurus nobilis. Red
dashed lines represent turgor loss point. Purple dashed lines represent
88% of loss of hydraulic conductance. 95% confidence intervals are
represented by shading.

Dynamic of cavitation and cell mortality

When combining together leaf physiological traits, embolism
and EL vs RWCy ¢ (Fig. 3), our results clearly showed that cavi-
tation events occurred at higher RWCy ¢ values than the onset of
cell damage. Indeed, RWC;, was constantly higher than RWC;,
(Table 1; Fig. 3). The decreases in RWC; ¢ between the onset of
cavitation and the onset of cell damage were estimated as 11.84%
for P. tremula x alba, 21.38% for E. viminalis and 8.06% for
L. nobilis.

For the three species, higher embolism levels than EL (Fig. 3)
were found at any RWC; ..r value. Consequently, for a level of
embolism equal to 50%, the levels of EL were of 23.38% for
P. tremula x alba, 5.97% for E. viminalis and 22.26% for L. no-
bilis. Also, at a percentage of embolism equal to 88%, P. trem-
ula X alba showed an EL level of 50.42%, E. viminalis an EL
level of 36.80% and L. nobilis an EL level of 47.56%. ELsq was
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Fig. 3 Dynamic of embolism propagation and cellular damage (EL)
regarding a decrease in leaf relative water content (RWC| ., for (a)
Populus tremula x alba, (b) Eucalyptus viminalis and (c) Laurus nobilis.
Blue shaded areas represent the safety margin for cellular integrity
calculated between the leaf relative water content at the point of turgor
loss (RWCryp, red dashed line) and the critical leaf RWC (RWC,t, black
dashed line). Violet dashed lines represent the RWC value at which 12%
of xylem embolism is observed. 95% confidence intervals are represented
by shading.

observed at embolism degrees of 88%, 92.97% and 89.63% for
P. tremula x alba, E. viminalis and L. nobilis respectively. The
maximum level of cell damage (EL,,.,) was always subsequent to
a 100% amount of embolism for all species.

A more drought-resistant xylem, more resistant cells?

Populus tremula x alba which had reported the lowest resistance
to cavitation (P59 = —1.96 MPa) also presented the highest
RWC.;: (69.04%) making its cells the least resistant to dehydra-
tion (Fig. 4; Table 1). Laurus nobilis showed the highest resis-
tance to cavitation (Psq = —5.17 MPa), and at the same time, the
lowest RWC;, (54.95%) showed no differences with E. vimi-
nalis, which has a Psy of —3.24 MPa and presented a RWC,;, of
56.36% (Fig. 4; Table 1).

© 2022 The Authors
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Fig. 4 Dynamic of cellular damage (EL) regarding leaf relative water
content (RWC,.¢). Triangles represent the critical leaf RWC (RWCt)
identified for each species. 95% confidence intervals are represented by
shading.

When calculating a safety margin for cell integrity in between
RWCrp and RWC,;,, the species’ resistance to cavitation and
their safety margin to cellular damage were not correlated.
Indeed, E. viminalis and L. nobilis presented similar safety mar-
gins, whereas P. tremula X alba presented a much narrower one
(Fig. 3; Table 1).

ELs, corresponded to an RWC; ¢ value of 42.56%, 41.75%
and 36.17% for P. tremula x alba, E. viminalis and L. nobilis
respectively (Table 1). ELsy was thus found at lower RWC ¢
values in L. nobilis leaves that presented a higher xylem resistance
to cavitation, that is lower Psg. ELsy showed no differences
between P. tremula x alba and E. viminalis despite the difference
in Ps.

When comparing the slope of the NLS regressions, E. viminalis
presented a narrower mortality belt than P. tremula x alba and
L. nobilis, which showed a similar mortality belt (Table 1).

The process of cell death: X-ray insights

X-ray micro-CT imaging revealed anatomical changes as
RWC; ¢ decreased and EL increased, with the more evident
changes occurring at the mesophyll level (Fig. 5). Through the
course of dehydration, the mesophyll area was reduced by a factor
of 2.95 for P. tremula x alba, whereas the reduction in epidermis
area was only 1.70. The same pattern was observed for both
E. viminalis and L. nobilis, which presented a mesophyll area
reduction of 2.09 and 1.81 respectively. However, while E. vimi-
nalis showed a reduction in its epidermis area of 1.47, no changes
were observed for L. nobilis.

The first mesophyll structural changes under decreasing
RWC; s occurred at the palisade layer for both P. tremula x alba
and L. nobilis (Figs 5, 6). However, a different pattern was
observed for E. viminalis with, first, a conjoint dehydration of the
spongy and palisade parenchyma (Figs 5, 6). In a second time, as
the RWC.,¢ continued decreasing, main anatomical changes
were observed in the spongy parenchyma, which showed an
important reduction in cell area for the three species (Figs 5, 6).
Ultimately, and only in the case of L. nobilis, a secondary con-
joint reduction in the palisade and spongy areas happened.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.
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Leaves of all three species visually became darker as the
RWC; ..r decreased. Concomitant to the decrease in RWC; .5,
and after a significant reduction in cell area occurred at the differ-
ent cell layers, leaf light transmittance dropped. The start of the
loss in leaf light transmittance was synchronized with the start of
the increase in EL for all three species. For P. tremula x alba and
L. nobilis, the loss in light transmittance was synchronized with
the full dynamic of EL. However, for E. viminalis, the maximum
loss in light transmittance was attained before reaching the maxi-
mum level of EL (Fig. 5).

After full embolization of the leaf veins, an abrupt blackening
casily detectable by the naked eye occurred within the leaf
(Figs 7a, S4). Synchrotron-based X-ray micro-CT scans were per-
formed within a single leaf at different locations presenting differ-
ences in light transmittance values (Figs 7a,b, S4) and showed
that epidermis cells became air-filled (Figs 7c, S4).

Discussion

Our results evince that, during the progressive dehydration of
trees, xylem cavitation precedes cellular death at the leaf level.
Indeed, the onset of cell dehydration-induced damage happens at
lower RWC ¢ values than the ones at which the onset of xylem
cavitation occurred. In addition, RWC_;,, the critical water status
level inducing cell damage, occurred at varying embolism levels
depending on the species (¢c. 30% for P. tremula X albaand L. no-
bilis, and ¢. 61% for E. viminalis). Considering this, our results
show that by compromising water delivery to the leaf mesophyll,
cavitation provokes a decrease in RWC; ¢ that is followed by an
increase in cellular damage in woody species. These results agree
with a recent study on tomato mutants showing that leaf vein
cavitation immediately compromised local water supply to the
leaf mesophyll enrolling the tissues to death (Brodribb
et al., 2021). However, when evaluating such compromise at the
whole leaf level, our results suggest that low levels of embolized
vessels have no immediate effect on the amount of living cells
probably due to higher tolerance to hydraulic disruption pro-
vided by the vascular redundancy of the leaves (Sack et 4/, 2008).
Indeed, despite the important variation in cell volume observed
at the onset of dehydration when trees still show relatively high
values of RWC .., no events of cell mortality were encountered.

Different species and different cell death dynamic

During dehydration, leaves first showed a significant loss in tur-
gor pressure followed by a progressive cavitation of the leaf veins
preceding the appearance of the first cellular structural damage.
The RWC; . values at which these three processes occur and the
differences between them could vary across species according to
their resistance to drought. This sequence of events is consistent
with the findings of Creek ez al. (2020) where stomatal closure,
which typically occurs at water potential values similar to those
for TLP (Brodribb et al, 2003; Bartlett et al, 2016; Trueba
et al., 2019), preceded xylem cavitation, and with those of Gua-
dagno ez al. (2017) where cellular damage occurred after turgor
loss. In our study, RWC,;, varied across species but showed no
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Fig. 5 Evolution of the area (in upm?) of leaf epidermis, palisade parenchyma, spongy parenchyma and overall mesophyll as well as cellular damage (EL) and
loss in leaf light transmittance regarding a decrease in leaf RWC (RWC,4f) for (a) Populus tremula x alba, (b) Eucalyptus viminalis and (c) Laurus nobilis.
Black dashed lines symbolize the RWC, . at which a visual blackening of the samples was observed. 95% confidence intervals are represented by shading.
Area measurements were done using synchrotron-based X-ray micro-CT images obtained on dehydrating leaves and analysed with Fui software.

linear relationship with Pso. Indeed, despite a noticeable differ-
ence in Psg, E. viminalis and L. nobilis presented similar RWC,_;,
values (¢. 55%). On the contrary, the least resistant to cavitation
species, P. tremula X alba, presented a RWC,;, higher than the
one of the two other species. These findings highlight that,
although RWCryp is relatively constant between species (Bartlett
et al, 2012), RWC,; for cell damage might be species-
dependent. This species dependency could be linked to the struc-
ture and composition of the cells themselves and their capacity to
respond to changes in turgor by either relaxing or tightening the
cell wall (Moore et al., 2008), thus preventing cell deformation
and shrinkage to lethal level (Scoffoni er al, 2014), and death

New Phytologist (2022)
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from cytorrhysis, that is when the cell shrinks as a unit (Oer-
tli, 1986; Taiz & Zeiger, 2006).

Our results evinced that, while showing different resistance to
cavitation and different RWC;,, the slope of the NLS regression
determining the mortality belt was not linearly correlated with Ps
as similar slopes were encountered for two of the three species stud-
ied, that is P. tremula X alba and L. nobilis. Thus, it could be
expected for those two species that the same cell mortality rate
would be observed after reaching their respective RWC;, if the
RWCy e keeps declining at the same pace for the two species.
Therefore, this highlights the importance of considering the dehy-
dration rate of the organs and the pace of dehydradon during
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Fig. 6 Sequence of events and corresponding synchrotron-based X-ray micro-CT images, leading to maximal cellular death (ELy,ax) regarding a decrease in
leaf RWC (RWCeqf) for (a) Populus tremula x alba, (b) Eucalyptus viminalis and (c) Laurus nobilis. Bar, 100 pm. TLP stands for turgor loss point; PLCy5,
PLCs0 and PLCgg represent the RWC|o¢ at which 12%, 50% and 88% of loss of xylem conductance are encountered respectively; RWC,; represents the
critical leaf RWC identified for each species; ELso symbolizes the RWC value at which 50% of cellular damage is encountered.

drought and after stomatal closure, for example residual transpira-
tion (Billon ez al., 2020) when aiming to determine the timing of
cell death, and consequently, tissue and organ death, after turgor
loss.

A closer look at the sequence of cell damage

Changes in leaf light transmittance and leaf colour have been
attributed to the collapse of palisade cells, therefore serving as a
proxy for determining leaf cell mortality (Brodribb ez al, 2021).
By providing a quantification of cellular death through EL mea-
surements, our results confirm the hypothesis of a correlation

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

between a decrease in RWC; ., leaf light transmittance and cel-
lular death made by Brodribb ez 4/ (2021). However, by per-
forming measurements in different cells layers within the leaf,
our study provides a more detailed analysis of the location of the
structural changes occurring in leaves during dehydration
(Fig. 6). Our results suggest a decrease in mesophyll cell volume,
which agrees with the results of Momayyezi ez al. (2022) where
Juglans regia L. and Juglans microcarpa leaves also exhibited
drought-induced reductions in mesophyll cell volume, which
should be correlated with cellular death (Mantova et 4/, 2022).
Indeed, cell death via membrane damage could occur through
physical constraints (Mantova ¢t al., 2022) such as cell cavitation,
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that is when a critical pressure in the cell is reached causing the
cytoplasm fractures and the formation of a gas bubble (Sakes
et al., 2016) and/or cytorrhysis (Oertli, 1986; Taiz & Zei-
ger, 2006). However, the cell shrinkage observed in our experi-
ment was not always associated with cellular death. In fact,
depending on the species, the mesophyll cells could endure a dif-
ferential reduction in cell volume before showing an increment in
EL. Indeed, the mesophyll cells of P. mremula and E. viminalis
were able to support an important volume reduction at the begin-
ning of the dehydration that was not associated with cell mortal-
ity. However, for L. nobilis, such reduction in mesophyll cell
volume was immediately correlated with an increase in cell mor-
tality. Looking closely at the sequence of events, the palisade,
spongy and epidermis cells responded differently to dehydration.
In the case of P. wremula x alba and L. nobilis, the palisade cells
were the first affected by dehydration, whereas there were no dif-
ferences in the timing of cell volume reduction for the spongy
and palisade cells of E. viminalis. Ultimately and for all three spe-
cies, the epidermis cells were the last affected by drought. These
differences in response to cell changes in volume could be linked
to the size, structure and composition of the cells per se as those
components might influence the rigidity of the cell wall and thus
favour or prevent shrinkage to lethal level (Scoffoni er al., 2014;
Joardder ez al., 2015).

Our results also highlight that a visual blackening of the leaf
occurring at very low RWC, and once the leaf was fully embo-
lized, was provoked by changes happening in the epidermis cells
only after strong structural changes were observed in the meso-
phyll and once most of the leaf living tissues were dead according
to the high levels of EL. Epidermis cells were the last prone to
structural changes for the three species and somehow became air-

filled when reaching very low RWCi . values, provoking a
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Fig. 7 Damage at the epidermis level after
full embolization of the xylem vessels for
Laurus nobilis. (a) Scan of a L. nobilis leaf
(RWC|ear=18.19%, EL = 90.93 %) obtained
in transmitted light. Leaf light transmittance
differs within the leaf at the positions marked
in red and blue. (b) Measurements of light
transmittance in absolute grey value
performed with Fui software at the respective
red and blue positions. (c) Synchrotron-based
X-ray micro-CT images obtained on the same
L. nobilis leaf. The position of each scan is
indicated by either the blue or red rectangles
00 pm on the transmitted light image (a). Orange
triangles point at the epidermis cells and
indicate the structural changes observed.

blackening of the leaf that is distinguishable to the naked eye.
However, even though our scans reached a precision of 0.3 pm,
micro-CT observations were not precise enough to determine
which of the two mechanisms (i.e. cell cavitation or cytorrhysis)
induced air-filling in epidermis cells at such low RWC ¢ values.
Other microscopy imaging techniques would be required to fur-
ther investigate the specific mechanisms inducing mortality at the
cellular level under drought conditions.

Die or survive?

In general, leaves showed 50% of cell death once they reached an
amount of embolism relatively high (i.e. > 80%) for the three
species studied. The highest levels of cellular death were observed
only after the leaves were almost fully embolized. Therefore, con-
sidering the results of Mantova et 4/ (2021) and Vilagrosa
et al. (2010) showing how the capacity of recovery after drought
could be related to the amount of living cells remaining at the
time of rewatering, our results raise new questions on the extent
to which cell mortality would lead to organ death. We hypothe-
size that, with an estimated 45.91% of living cells at levels of
embolism of ¢. 90%, it is less likely for P. tremula x alba leaves to
recover from drought than for E. viminalis, the leaves of which
showed 55.47% of living cells at a similar embolism level. Deter-
mining the critical percentage of cell mortality for organ survival
is crucial to precisely elucidate the capacity of an organ and there-
fore of the tree to recover after being exposed to drought (Fig. 8).

Conclusion and perspectives

By evaluating the variation in RWCi.; EL and the level of
embolism in leaves from trees exposed to a progressive
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Stomatal control

Hydraulic functioning and relative water content

100

Cellular damages

Gas
bubble

Cell death mechanisms

Whole tree mortality

Fig. 8 Sequence of events leading trees to death. Star highlights ELso (the RWC at which 50% of cell damage is encountered) as a potential indicator for
cellular resistance to drought. Jagged arrows symbolise residual water losses. Black solid arrows represent the sequence of events. Dashed arrows indicate
the range where the events can occur.
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dehydration, our results provide evidence that xylem HF precedes
the onset of cell mortality in woody species. We describe a critical
RWC value, an important dehydration threshold, below which
living cells start to suffer damage from drought, and that corre-
sponds to a certain degree of embolism occurrence. This critical
RWC value varies across species with contrasted cavitation resis-
tance. Despite micro-CT analyses showing a clear correlation
between cell structural changes and mortality at the mesophyll
level along dehydration, whether cells are dying because of cell
cavitation or cytorrhysis remains unresolved. This approach rep-
resents a first step in deciphering how hydraulic dysfunction
could induce damage to key living tissues as, for example the
meristems, and thus ultimately determine trees” point of death
under drought conditions.
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Fig. S4 Damages at the epidermis level after full embolization of
the xylem vessels for Populus tremula x alba and Eucalyptus vimi-
nalis observed with synchrotron-based X-ray micro-CT.
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