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• Water stress and recovery impacted holm
oak seedlings wood parenchyma.

• Q. ilex reduced xylem functionality and
NSCs content in wood parenchyma.

• Genes related to sugar mobilization and
cell wall remodeling were upregulated.

• The strong reduction in gs did not prevent
xylem embolism under water stress.

• NSCs were completely restore after thirty
days of rewatering.
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Over the last few decades, extensive dieback and mortality episodes of Quercus ilex L. have been documented after se-
vere drought events inmanyMediterranean forests. However, the underlying physiological, anatomical, and biochem-
ical mechanisms remain poorly understood. We investigated the physiological and biochemical processes linked to
embolism formation and non-structural carbohydrates (NSCs) dynamics in Q. ilex seedlings exposed to severe water
stress and rewatering. Measurements of leaf gas exchange, water relations, non-structural carbohydrates, drought-
related gene expression, and anatomical changes in wood parenchyma were assessed. Under water stress, the midday
stem water potential dropped below - 4.5 MPa corresponding to a ~ 50 % loss of hydraulic conductivity. A 70 % re-
duction in stomatal conductance led to a strong depletion of wood NSCs. Starch consumption, resulting from the up-
regulation of the β-amylase gene BAM3, together with the downregulation of glucose (GPT1) and sucrose (SUC27)
transport genes, suggests glucose utilization to sustain cellular metabolism in the wood parenchyma. After rewatering,
the presence of residual xylem embolism led to an incomplete recovery of leaf gas exchanges. However, the partial res-
toration of photosynthesis allowed the accumulation of new starch reserves in the wood parenchyma and the produc-
tion of new narrower vessels. In addition, changes in the cell wall composition of the wood parenchyma fibers were
observed. Our findings indicate that thirty days of rewatering were sufficient to restore the NSCs reserves and growth
rates ofQ. ilex seedlings and that the carryover effects of water stress were primarily caused by hydraulic dysfunction.
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1. Introduction

Severe drought events have led to a rapid increase in tree mortality in
many ecosystems worldwide (Anderegg et al., 2020; Anderegg et al., 2018;
Allen et al., 2010; Brodribb et al., 2020). In the Western Mediterranean
area, dieback phenomena have been observed in different oak species after
anomalous drought and heat waves (Galiano et al., 2012; Gentilesca et al.,
2017). The holm oak (Quercus ilex L., Fagaceae) is an evergreen sclerophyll
tree or shrub that dominates the landscape of severalMediterranean coastal
and sub-coastal areas, and is widely used in artificial reforestation
programs (González-Rodríguez et al., 2011). Thus, holm oak is a keystone
species for the ecosystem services of Mediterranean basin forests, which
have been recognized as biodiversity hotspots in terms of number of species
and endemism (Mittermeier et al., 2011). Besides its ecological importance,
this species also possesses a great economic value, being the most represen-
tative tree of the agrosilvopastoral systems of dehesa, covering almost four
million hectares in the Iberian Península (Joffre et al., 1999).

Nowadays, Mediterranean holm oak forests are facing severe problems
and challenges. Indeed, extensive holm oak diebacks have been recently ob-
served following severe drought episodes (Colangelo et al., 2018; Encinas-
Valero et al., 2021; Ogaya et al., 2015, 2020; Pasquini et al., 2023). There-
fore, improving our understanding of themechanisms underlying holm oak
decline and mortality is required to predict Q. ilex forest loss and suggest
management measures for its conservation (Gentilesca et al., 2017;
McDowell et al., 2022). Previous studies have shown that Q. ilex displays
an isohydric behaviour under water stress because it tightly controls
stomatal conductance, thus preventing leaf dehydration and embolism
formation in xylem vessels (David et al., 2007; Limousin et al., 2022;
Nardini et al., 2014; Vaz et al., 2010). Indeed, in this species, stomatal
closure occurs at water potentials much higher than those inducing a
50 % loss of hydraulic conductivity (Peguero-Pina et al., 2014; Vilagrosa
et al., 2003). Nevertheless, it has been demonstrated that under prolonged
water stress, despite an almost complete stomatal closure, Q. ilex seedlings
are still exposed to significant losses in hydraulic conductivity (Peguero-
Pina et al., 2018).

Recently, renewed attention has been given to xylem-associated paren-
chymabecause of its key role in regulating xylemhydraulics (Kiorapostolou
et al., 2019). This tissue, formed by vessel-associated cells and rays, is of
primary importance for plant mechanical support, water storage andmove-
ment (Holbrook, 2002; Pfautsch et al., 2015). For example, it has been
demonstrated that aquaporin genes located in the wood parenchyma cells
surrounding xylem vessels are overexpressed in response to drought and
have a crucial role in hydraulic recovery (Chitarra et al., 2014; Pfautsch
et al., 2015; Secchi et al., 2017; Steppe et al., 2012). These transmembrane
water and solute transporter channels are involved in water flow from
living stem cells to xylem conduits, thereby regulating stem radial hydrau-
lic conductance (Feltrim et al., 2021; Shatil-Cohen et al., 2011). In addition,
wood parenchyma cells surrounding vessels are involved in the loading/
unloading of solutes into/from the transpiration stream and the storage
and mobilization of non-structural carbohydrates (NSCs) (Słupianek
et al., 2021; Zwieniecki and Holbrook, 2009). It has been reported that,
in Q. ilex, starch reserves are reduced to release soluble sugars in response
to water stress (Rodríguez-Calcerrada et al., 2017, 2021). Soluble sugars
play a key role in osmotic potential adjustments and in preserving xylem
functionality both under water stress and after re-watering (Brunetti
et al., 2020; Secchi and Zwieniecki, 2016; Tomasella et al., 2019a). At the
molecular level, NSCsmobilization derives from starch breakdown through
the enzymes α and β amylases encoded by the BAM gene family (Zeeman
et al., 2010), the expression of which is upregulated under carbon shortage
conditions (Monroe and Storm, 2018; Thalmann and Santelia, 2017).

Previous studies have shown that changes in hydraulic conductance are
often associatedwith changes in the anatomical characteristics of the wood
(Corcuera et al., 2004; Poorter et al., 2010). These modifications are not
only related to the number and diameter of xylem vessels (Camarero
et al., 2016; Lens et al., 2022) but also to the expression of particular
genes linked to lignification of the wood parenchyma and cell wall
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remodeling (Arend and Fromm, 2007; Mertz and Brutnell, 2014; Ohtsuka
et al., 2018; Plavcová et al., 2013). However, additional research linking
the anatomical, physiological, and molecular aspects of wood parenchyma
may shed light on the changes in hydraulic traits and carbon metabolism of
Q. ilex under water stress and rewatering.

The main objective of this study was to investigate the effect of water
stress and rewatering on Q. ilex xylem functionality and NSCs levels in
wood parenchyma. Because contrasting results have been reported in the
literature regarding the drought responses of this species, gene expression
analysis was applied to elucidate the molecular basis underlying wood an-
atomical, hydraulic, and carbon-related adjustments. Specifically, we ex-
pected that i) under water stress, the strict stomatal control of Q. ilex
would avoid stem xylem hydraulic dysfunction and concomitantly lead to
a reduction of NSCs in wood parenchyma cells; and ii) after rewatering,
NSCs wood reserves would be restored due to the recovery of photosyn-
thetic capacity.

2. Material and methods

2.1. Plant material and experimental design

Three-year-old Quercus ilex L. (holm oak) plants were purchased from a
local nursery. Plants were transplanted in 6,5 L pots with a peat/pumice
substrate (50:50, v/v) and grown in the greenhouse of the University of
Florence, Italy (43°460 N, 11°150 E) for three months before starting the
water stress imposition. Air temperature (°C) and relative humidity (RH,
%) were measured at the tree height and recorded every 10min (both pa-
rameters using sensors AM2315 of Adafruit Industries LLC, NY, USA).
Plants were approximately 75–85 cm tall and 1 cm in diameter at the
base when water stress imposition started. Twenty plants were equally
spaced and randomly assigned to different experimental categories: well-
watered (control plants for water stress (WW, five plants) and re-watering
(R-WW, five plants), water-stressed (WS, five plants), and re-watered (R-
WS, five plants) plants (Fig. SM1). Before assigning plants to each category,
preliminary measurements of photosynthesis (Pn, μmol m−2 s−1), stomatal
conductance (gs, mmol m−2 s−1), maximum photochemical efficiency of
photosystem II (Fv/fm), and leaf water potential (Ψleaf, MPa) were con-
ducted to exclude significant differences among plants (p > 0.05).

At the beginning of the experiment (10th June 2019), WW and R-WW
plants were irrigated daily to pot capacity, whereas a water stress treatment
was applied to WS and R-WS plants, providing 70 % of the fraction of
transpirable soil water (FTSW) (Brunetti et al., 2018). Water stress progres-
sion was monitored by measuring leaf gas exchanges every day, and after
30 days, when mean gs values of stressed plants were roughly 30 % of con-
trols, WW and WS plants were measured and sampled (10th July 2019).
Then, R-WS and R-WW plants were irrigated to pot capacity (100 %
FTSW) for 30 days before sampling (9th August 2019). The same experi-
mental plan was repeated the following year (from the 10th of June 2020
to 10th August 2020), utilizing additional twenty-three-year-old holm oak
plants (of the same size and bought from the same nursery) under the
greenhouse conditions described above. The experimental plan and the
list of measurements performed in the two years are shown in Fig. SM1.

2.2. Leaf physiological measurements

Photosynthesis (Pn, μmol m−2 s−1), stomatal conductance (gs, mmol
m−2 s−1), and photosystem II actual efficiency (ΦPSII) were measured on
five plants per treatment. Three fully expanded and healthy leaves per plant
weremeasured and combined tomake an individual replicate.Measurements
were acquired using a portable infra-red gas analyzer (LI-6400, Li-Cor,
Lincoln, NE, USA), with a cuvette of 2 cm2 at a CO2 concentration of
414 μmolmol−1, a photosynthetic photonfluxdensity of 1000 μmolm−2 s−1

and a leaf temperature of 25 °C. Then, the same leaves were dark-adapted
for 30 min and used to measure the maximum photochemical efficiency
of photosystem II (Fv/fm) using a portable chlorophyll fluorescence system
(Handy Pea, Hansatech, Norflolk, United Kingdom).
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Three leaves per plant were collected from five plants, wrapped in
parafilm, and transported to the laboratory in a fridge bag to measure leaf
freshweight (FW). The leaveswere then hydrateduntil saturation (constant
weight) for 48 h in the dark to determine turgid weight (TW). The dry
weight (DW) was obtained after drying the leaves at 80 °C for 48 h. Finally,
the relative water content (RWC, %) was calculated using the following
equation (Eq. (1)):

RWC %ð Þ ¼ FW � DWð Þ= TW � DWð Þ (1)

Leaf water potential (Ψleaf, MPa) was measured at pre-dawn
(04:00–5:00 h) and midday (13:00–14:00 h) on two leaves per plant
(combined to make an individual replicate) from five plants using a
Scholander-type pressure chamber (PMS Instruments, Corvallis, OR,
USA). The difference betweenmidday (ΨMD, MPa) and pre-dawnwater po-
tentials (ΨPD, MPa) was calculated as -ΔΨ= ΨMD − ΨPD.

2.3. Hydraulic measurements

The xylem water potential (Ψstem, MPa) was measured by installing a
stem psychrometer (PSY1; ICT International, Armidale, NSW, Australia)
in the central region of the main stem of five plants per treatment (n =
5). After the instrument was clamped to the stem, the psychrometer was
air-tight sealed with parafilm and silicone and then wrapped in foam rub-
ber to ensure temperature stability. The Peltier cooling time was set from
10 s (for the WW and R-WW plants) to a maximum of 30 s (for the WS
plants), and the interval time for data acquisition was set to 10 min. More-
over, Ψstem measured by a stem psychrometer was periodically validated
with measurements conducted with a Scholander-type pressure chamber
on leaves previously sealed with tin foil for one hour.

The percentage loss of xylem hydraulic conductivity (PLC, %) was
assessed following the protocol described by Tomasella et al. (2019a). In
detail, Ψstem was determined on bagged leaves and the main stem was cut
10 cm above the root collar underwater. Xylem tension was released by im-
mersing the cut end in water and allowing the branch to rehydrate until
Ψstem was higher than−0.5 MPa (Torres-Ruiz et al., 2015). Then, holding
the entire branch underwater, a second cut was made approximately 75 cm
from the initial cut (that is, higher than the maximum vessel length, as
checked during preliminary analyses according to the methodology of
Wang et al. (2014)). Hydraulic measurements were then conducted on a
straight 7–12 cm long segment. Both ends of the stem segment were de-
prived of a portion of the bark (0.5 cm) and shaved underwater with a
razor blade before being connected to a custom-made hydraulic apparatus.
PLC was calculated as PLC= [1- (Ki / Kmax)] × 100, where Ki is the native
stemhydraulic conductivity gravimetrically measured though awater head
of 4 kPa, and Kmax is the maximum hydraulic conductivity measured after
embolism removal by flushing the sample at high pressure (0.15 MPa) for
7 min. Leaf hydraulic conductance (Kleaf, mmol m−2 s−1 MPa−1) was
calculated for five plants per treatment as the ratio between leaf transpira-
tion (E,mmol m−2 s−1) and water potential driving force (ΔΨleaf, MPa) as
follows:

K leaf ¼ E=ΔΨleaf

E was taken from leaf gas exchange measurements, while ΔΨleaf was
calculated as the difference in water potential between bagged and
unbagged leaves. Bagged leaves were wrapped with parafilm and tin foil
for approximately 30 min before measuring water potential using a
Scholander pressure chamber (Flexas et al., 2013).

Wood osmotic potential (πwood, MPa) was measured in xylem paren-
chyma by cutting a 4 cm-long segment of the stem at a height of 40 cm
and removing the bark. Wood material collected from five plants per treat-
ment (n = 5) was transported to the laboratory, the bark was carefully re-
moved, and the wood was cut into small pieces and pressed to extract the
cellular liquid content using a metal garlic-press. The collected solution
was used to saturate a 20 mm2

filter paper disk and loaded in the
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thermocouple of a psychrometer connected to a laptop to monitor data ac-
quisition. The psychrometer settings were the same as those previously em-
ployed for the Ψstem. After approximately 30 min, the equilibrium time in
the chambers was reached, and the measurements were recorded.

A segment 4 cm in length was cut from the middle of the stem section
from five plants per treatment (n = 5) and used to determine the relative
water content (RWCwood, %) using Eq. (1). After sampling, bark was care-
fully removed from the stem segments for fresh mass determination. The
samples were rehydrated overnight. Once saturated, the mass was deter-
mined and the samples were oven-dried for 48 h before recording the dry
weight. The rehydrated samples were not oversaturated because RWCwood

(%) did not increase above 100 (Sapes et al., 2021).

2.4. Pressure-volume curves

Leaf water potential isotherms (or pressure-volume curves, PV curves)
were measured to estimate: (1) leaf water potential at the turgor loss
point, Ψtlp (MPa); (2) relative water content at turgor loss point, RWCtlp

(%); (3) osmotic potential at full turgor, π0; (4) bulk modulus of elasticity,
εmax (MPa); (5) apoplastic water fraction, AWF (%). Pressure–volume
(PV) curves were measured on two twigs from five plants per treatment
(n = 5) using the free-transpiration method (Tyree and Richter, 1982).
Samples were collected at 19:00 and rehydrated overnight in a plastic bag
for next-day measurements. After measuring the initial water potential
(Ψtwig, MPa) and mass, the samples were progressively dehydrated on the
bench, and measurements were periodically repeated to obtain at least a
15-point curve with a linear relationship between water loss and Ψtwig

−1

(R2 > 0.95). The samples were then oven dried for 72 h at 70 °C. Finally,
Ψtwig

−1 was plotted vs. 100 – RWC (%) to obtain the PV curve, from which
the parameters mentioned above were determined using a spreadsheet
tool (Hinckley et al., 1980; Turner, 1988). No evidence of oversaturation
for any of the samples used for the PV curves (the ‘plateau effect’) was
found (Kubiske and Abrams, 1990).

2.5. Non-structural carbohydrates (NSCs)

Samples for NSCs were collected at 3 cm from the collar of five plants
per treatment (n=5), and the bark was removed, cutting a 1 cm-long seg-
ment, immediately sliced into thin sections with a razor blade, and dried
overnight in an oven at 72 °C. The material (bark and phloem-free) was
ground in liquid nitrogen and 30 mg was weighed for analysis. Soluble
sugars and starch were extracted following the methodology of
Landhäusser et al. (2018), with some modifications. After grinding the
dried wood parenchyma, soluble sugars and starch were extracted sepa-
rately. For sugars, we added 10mL of ethanol (75 %) to 100mg of the sam-
ple and extracted it at 60 °C for 30 min in a water bath. The samples were
centrifuged, and the supernatant was collected, dried under vacuum, and
resuspended in 1 mL of water for the analysis of soluble sugars by high-
performance liquid chromatography (HPLC). To measure the starch con-
tent, the residual pellet from the soluble sugar extraction was washed
with ethanol (75 %), dried, added to 1 mL of amyloglucosidase (0.5 % w/
v), and incubated for 16 h at 50 °C. After incubation, the sample was centri-
fuged, and the supernatant was evaporated under vacuum and resuspended
in 1 mL of water for injection. The analyses were performed by injecting
10 μL of the sample in a series 200 HPLC equipped with a 200-RI detector
(PerkinElmer, Bradfrod, CT, USA), using a 7.7 × 300 mm, 8 μm Hi-Plex
Ca (Agilent Technologies, USA) maintained at 85 ± 1 °C. The eluent was
ultra-pure water at a flow rate of 0.5 mL min−1 during a 25-min run. Indi-
vidual carbohydrates were identified by comparing retention times with
those of authentic carbohydrate standards (Sigma-Aldrich, Milano, Italy),
and quantification of the individual carbohydrates was performed using
five-point calibration curves of glucose, fructose, and sucrose. Soluble
sugars (glucose, fructose, and sucrose) are reported as mg/g DW, whereas
starch is reported as the percentage of dry mass (g starch/g of DW x 100).
Furthermore, the relative contribution of soluble sugars (sucrose, πsucr; glu-
cose, πgluc;fructose, πfruc; and sum of soluble sugars, πSS; MPa) to wood



A. Gori et al. Science of the Total Environment 878 (2023) 163124
osmotic potential (πwood) was determined using the following formula
(Gucci et al., 1997):

πx ¼ RT� RDWð Þ � Cx

where πx indicates the contribution of individual each sugar to the osmotic
potential (π, MPa), RDW is the relative dry weight at saturation (kg m−3)
calculated considering the TW and DW of RWCwood (see the previous sec-
tion), C is the molar concentration of each sugar (mol kg−1), and the RT
value at 25 °C is−0.002479 m3 MPa−1 mol−1. Furthermore, the percent-
age contribution of soluble sugars to the osmotic potential (%ssπ, %) was
calculated as the ratio of πSS to πwood.

2.6. Gene expression

2.6.1. RNA extraction
Stems of three plants were cut into pieces of approximately 2 cm, frozen

with liquid nitrogen, and stored at −80 °C. The bark was removed, and
stems (bark and phloem-free) were dissected using a cryostat (−25 °C), pro-
ducing 40 μm thick sections. Total RNA was extracted using a modified ver-
sion of the protocol by Carvalho et al. (2015). Briefly, 200 mg of stem
sections were transferred into a frozen 2-mL microtube, ground in liquid
nitrogen, and homogenized using steel beads and Retsch Tissue Lyser
(3 × 2 min at 20 Hz). Next, 1 mL of pre-warmed CTAB extraction buffer
was added. Samples were vortexed, added with 2 % of 2-Mercaptoethanol,
vortex again and incubated at 65 °C for 20 min, before being transferred
to ice for 5 min. After the addition of 1 mL of chloroform/isoamyl alcohol
(IAA) (24:1), they were vortexed and centrifuged at 14,000 rpm at 4 °C for
15 min. After two additional washes in chloroform/IAA (24:1), RNA was
precipitated at −20 °C for 2 h by adding 0.1 mL of sodium acetate 3 M
(pH 5.2) and 2.5 mL of cold ethanol (100 %). Samples were centrifuged
for 30 min at 14,000 rpm at 4 °C to obtain a pellet of the precipitated RNA
that was washed first with 250 μL of absolute cold ethanol at 4 °C, centri-
fuged at 14,000 rpm for 3min, followed by a wash in ethanol 80%. The pel-
let was air-dried, eluted with 20 μL of DEPC treated water and precipitation
with LiCl 10 M was performed. The RNA pellet was washed with ethanol
and eluted in 20 μL of RNase-free water. RNA samples were treated with
DNase (TURBO™ DNase, Ambion) according to the manufacturer's instruc-
tions and quantified using a NanoDrop 1000 spectrophotometer.

2.6.2. Selection of candidate genes putatively associated to plant response to wa-
ter stress and primer design

To assess remodeling in transcriptomic profiles, twenty genes were se-
lected based on their putative involvement in the drought stress response
of Quercus spp. Thirteen genes were selected based on the study by
Madritsch et al. (2019), where they were identified as differentially regu-
lated in response to drought stress. Specifically, one gene coding for a tran-
scription factor putatively involved in ABA response (bHLH30), three genes
coding for proteins related to ROS detoxification (CYP75B1,NADK3, detox-
like protein), four protein-coding genes involved in remodeling of the plant
cell wall during environmental stresses (WAK, COMT, CCR, EXPA), two
genes (AOS3, CUL1) coding for proteins related to jasmonic acid biosynthe-
sis and signaling, one gene (CDR1) coding for a protein involved in response
to salicylic acid, a gene coding for a scopoletin glucosyltransferase (TOGT),
a polyamine oxidase gene (PAO1) with a putative role in polyamine intra-
cellular concentration, and an L-ascorbate oxidase gene (AO). SevenVitis vi-
nifera water stress-related proteins (Chitarra et al., 2014) were also
identified in the transcriptome of Q. ilex using tblastx (e-value <1e−5).
Two additional genes coding for proteins putatively involved in ABA syn-
thesis and response (NCED1, NCED5), one encoding for an aquaporin
(PIP2), one gene encoding for a α-amylase (BAM3), and three genes coding
proteins related to glucose 6P (GPT1) transport and sucrose synthesis, and
transport (SPS4, SUC27) were selected.

Specific primers were designed using PRIMER3PLUS (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and tested for
specificity to Q. ilex sequences using PRIMER BLAST (https://www.ncbi.
4

nlm.nih.gov/tools/primer-blast/). Two genes, RPL13 and TOPP2, encoding
a 50S ribosomal protein L13 and ae serine/threonine-protein phosphatase
PP1, respectively (Kotrade et al., 2019), were used as reference genes in
the quantitative relative expression analysis (Tables SM1 and SM2).

2.6.3. RT-PCR and quantitative RT-PCR (RT-qPCR)
Primers for the two Q. ilex housekeeping genes, i.e., RPL13 and TOPP2

were used to check for the absence of DNA contamination in RNA samples.
One-step RT-PCR reactions were carried out in a final volume of 20 μL con-
taining 4 μL of 5× buffer, 1 μL of 10 mM dNTPs, 0.5 μL of each primer
(10 mM), 0.5 μL of enzyme mix and 1 μL of total RNA (diluted 1:3). The
samples were incubated for 30 min at 50 °C followed by 15 min at 95 °C.
Amplification reactions were run for 40 cycles at 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 40 s. Amplicons were separated and visualized in
ethidium bromide-stained agarose gels (1.5 % in TAE 0.5× buffer) using
a Gel Doc™ EZ Imaging System (Bio-Rad, CA, USA).

For RT-qPCR, 500 ng of RNA was converted into cDNA using random
primers and the Superscript™ II (Invitrogen). RT-qPCR was performed
using the Rotor-Gene Q (Qiagen) apparatus. Reactions were carried out in
a final volume of 15 μL with 7.5 μL of Rotor-GeneTM SYBR® Green Master
Mix, 5.5 μL of a mix of forward and reverse primers (prepared by adding
16 μL of each primer at 10 μM stock concentration to 168 μL of water),
and 2 μL of cDNA (diluted 1:3). The following PCR programwas used:95 °C
for 10 min, 40 cycles of 95 °C for 15 s, and optimal annealing temperature
(Table SM1) for 30 s, ramp from 65 °C to 93 °C with a temperature incre-
ment of 0.5 °C, and a read plate every 2 s. Three biological and two techni-
cal replicates were used.

2.7. Anatomical analyses

For the anatomical analyses, on 10th August wood samples were col-
lected at plant collars from three plants per treatment (R-WW and R-WS),
fixed in formaldehyde, acetic acid, and alcohol 70 % (FAA, 1:1:1) for
24 h and then stored in alcohol 70 %. Sections (20 μm thick) were cut in
a rotatory microtome (Olympus - Cut 4055, Tokyo, Japan) and treated
with diverse staining protocols: Lugol for the detection of starch grains
(Jensen, 1962); Toluidine Blue (1%,− Feder andO’Brien, 1968) as ameta-
chromatic stain used for the structural observations; Safranin (1 %) for the
visualization of lignified cell walls; Ruthenium Red (0.01 %, Johansen,
1940) to localize pectin; and Alcian Blue (modified according to Arend
et al., 2008) for the detection of mucilage. The slides were mounted in glyc-
erin (70 %) and immediately analyzed using a Zeiss Axioplan microscope
(Oberkochen, Germany) equipped with a Digital Net Camera Control Unit
(Nikon, Eclipse E600, Japan). Measurements were conducted considering
the final 50 % of the ring width to consider the wood produced during
the rewatering period and taking into account the reduction in growth
during the water stress period (see below). The selected tissue was classi-
fied into two zones, the zone around the largest vessels (Vessel Zone –
VZ), in which vessel lumen area and frequency were measured, and the
zone composed of fiber and few parenchyma cells (Fiber Zone – FZ), as
reported in Fig. SM2 A and B. The fiber cell wall thickness (CW thickness,
μm) was measured in the VZ and FZ according to Gärtner et al. (2015),
considering the cell wall thickness of the two cells combined. Then, the per-
centage of cells with additional cell wall deposition (Add. CW, % of cells)
was determined. All images were analyzed using ImageJ Pro (https://
imagej.nih.gov/ij/).

Ring width was measured on WW and WS plants on 10th July (the
sampling date at the end of the water stress treatment), assuming that it
corresponded to the wood produced from 21st March, proposed as the
date for the beginning of the vegetative period (Fig. SM3). Similarly,
the ring width of R-WWand R-WSwasmeasured on 10th August (sampling
at the end of the rewatering period) assuming that it corresponded to
the wood produced from 21st March to 10th August (Fig. SM3). The
anatomical traits considered in this study were ring width (μm), vessel
lumen area (μm2), and vessel frequency (no of vessels). The theoretical hy-
draulic conductivity (Kth) (kg s−1 MPa−1 m−1) was calculated using the

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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Hagen–Poiseuille equation (Fan et al., 2012; Tyree et al., 1994;
Zimmermann, 1983).

2.8. Statistics

For the physiological and NSCs data, a two-way ANOVA was applied,
with differences between years and treatments as factors (Table SM3). As
no differences were detected between the years, the data were combined,
and only differences between treatments are presented in Figs. 1 and 3
(Table SM4). For the daily Ψstem, repeated measures ANOVA was applied
(RM-ANOVA), considering plants measured under water stress (WW and
WS plants) and rewatering (R-WW and R-WS plants) independently. Two-
way ANOVA was applied for fiber cell wall thickness and percentage of
cells with additional cell wall deposition, considering water treatments and
ring zones as factors. For the PV curves and anatomical measurements (ring
width, vessel lumen area, and frequency), a one-way ANOVA was applied
withwater treatment as the factor. Differences among the factors were tested
using Tukey's test (p < 0.05). All statistical analyses were performed using
Statistica software package (Stat Soft. Inc., Tulsa OK, USA). For gene expres-
sion analysis, data were analyzed using the comparative threshold cycle
method (ΔΔCt) (Livak and Schmittgen, 2001). Ct of the target genes were
normalized to the two established Q. ilex reference genes. Data (2− ΔΔCt)
were log2-transformed and normal distribution of data was tested through
Shapiro–Wilk test by using R v.4.0.3. ANOVA and Tukey's test were then per-
formed on raw values to assess the effect of water deficit and recovery
(factors), and significant differences (p≤ 0.05) within conditions.

3. Results

3.1. Leaf physiological measurements

Water stress induced significant reductions in leaf gas exchanges, as
marked declines in photosynthesis (Pn,−58 %) and stomatal conductance
Fig. 1. Leaf physiological parameters comparing well-watered plants (WW)with water-s
A) photosynthesis (Pn), B) stomatal conductance (gs), C) maximum efficiency of photosy
content (RWC) and F) difference between leaf midday (ΨMD) and pre-dawn water pot
differences (p ˂ 0.05) between WW vsWS, and between R-WW vs R-WS. Detailed result
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(gs, −71 %) were observed in WS plants compared with control plants
(Fig. 1A, B). After re-watering, Pn and gs partially recovered but remained
lower in R-WS compared to R-WW plants.

Chlorophyll fluorescence parameters were also affected by the water
treatments. Both the maximum (Fv/fm) and actual efficiency (ΦPSII) of pho-
tosystem II significantly decreased under water stress but did not differ be-
tween R-WS and R-WW plants, indicating a full photochemical efficiency
recovery at the end of the rehydration period (Fig. 1C, D).

Leaf relative water content (RWC) was significantly lower in WS
(~77 %) than in WW (~92 %) plants. The reduction in RWC persisted
after rewatering (~88 % vs.~92 %) (Fig. 1E). The delta of water potential
(ΔѰ) was markedly higher in WS than in WW plants, whereas it did not
vary significantly between R-WS and R-WW plants (Fig. 1F).

3.2. Plant hydraulics and aquaporin expression genes

The stem water potential (Ѱstem) followed a typical daily trend in all
treatments, with higher values in the morning, followed by a decrease in
the central hours of the day and a recovery in the evening (Fig. 2). However,
despite similar trends, WS plants always showed lower values of Ѱstem

compared to WW plants (Fig. 2A). Particularly, Ѱstem did not signifi-
cantly changed in WW and WS plants from pre-dawn to the morning.
At ~16:00 h, Ѱstem reached diurnal minimum values of ~ −1.3 Mpa
in WW plants while it markedly dropped in WS plants reaching
~ − 4.6 MPa (Fig. 2A). In R-WS plants Ѱstem was only slightly reduced
compared to R-WW and significant changes were observed during the
central hours of the day and in the late afternoon (Fig. 2B). Particularly,
while the lowest values of Ѱstem were ~ −1.0 MPa in R-WW plants, in
R-WS plants the minimum values of Ѱstem were ~ −1.6 MPa. Water
stress induced an increase in PLC of approximately 15 % in WW plants
and approximately 50 % in WS plants. Following rewatering, the PLC
did not return to pre-stress values (Fig. 2C). The aquaporin gene PIP2
(Fig. 2D) showed significantly higher transcript levels in WS than in
tressed plants (WS) andwell-watered plants (R-WW)with re-watered plants (R-WS):
stem II (Fv/fm), D) actual efficiency of photosystem II (ΦPSII), E) leaf relative water
ential (ΨPD) (ΔΨ). Mean ± SE (n = 5). Asterisks represent statistically significant
s of two-way ANOVA are reported in Tables SM1 and SM2.

Image of Fig. 1


Fig. 2. A-B) Day course of stem water potential (Ѱstem), C) percent loss of hydraulic conductivity (PLC) and D) PIP2 expression, comparing well-watered plants (WW) with
water-stressed plants (WS) and well-watered plants (R-WW) with re-watered plants (R-WS). Mean± SE (n= 5). The bar on top of graphics A and B represents the hours of
the daywith significant statistical differences between treatments. Asterisks represent statistically significant differences (p ˂ 0.05) betweenWW vsWS, and betweenR-WW vs
R-WS. Detailed results of RM- and one-way ANOVA are reported in Tables SM1 and SM2.
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WW plants, whereas no significant differences were observed between
R-WS and R-WW plants.

Leaf hydraulic conductance (Kleaf) decreased in response towater stress,
as the Kleaf values of WS plants corresponded to approximately 15 % of
those recorded in WW plants. However, after re-watering, Kleaf did not
fully recover, remaining 40 % lower in R-WS plants than in R-WW plants
(Table 1). Water stress induced a remarkable decrease in the wood relative
water content (RWCwood) while no significant differences were found be-
tween R-WS and R-WW plants (Table 1). Similarly, wood osmotic potential
(πwood) was also reduced inWS compared toWWplants (−4.4±0.14MPa
vs − 2.17 ± 0.16 MPa), with no differences observed after rewatering
(Table 1). Finally, no differences in the percentage contribution of total sol-
uble sugars to osmotic potential were found between WS and WW and R-
WW and R-WS plants (%ssπ) (Table 1).

3.3. Non-structural carbohydrates' metabolism

At the end of the stress period, the amount of sucrose and percentage of
starch decreased in WS compared to WW plants (Fig. 3A, D). In contrast,
glucose and fructose content increased in WS compared to WW plants,
whereas no differences in the levels of these sugars were detected between
R-WS and R-WW plants (Fig. 3B, C). Stem structural analysis, highlighting
the starch grains, confirmed the quantitative data (Fig. 3E-G). In R-WW
plants, starch was abundant inside the VZ, FZ, and ray and was distributed
inside parenchymatic cells (Fig. 3E).WS plants showed almost no starch ac-
cumulation in the stem tissue (Fig. 3E). After re-watering, however, starch
grains were again visualized, mostly accumulated in the parenchyma cell
near the VZ and in the ray but hardly found in the parenchyma cells of FZ
(Fig. 3G).

The genes coding for a β-amylase (BAM3) and a putative sucrose-
phosphate synthase (SPS4) were upregulated in WS plants (Fig. 4A, B). In
contrast, transcripts corresponding to two homologous grapevine genes
coding for a plastidic glucose-6P symporter (GPT1) and a sucrose trans-
porter (SUC27) were downregulated in WS plants (Fig. 4C, D). However,
Table 1
Leaf hydraulic conductance (Kleaf), wood relative water content (RWCwood), wood osmo
(πSS) comparing well-watered plants (WW) with water-stressed plants (WS) and well-wa
represent statistically significant differences (p ˂ 0.05) between WW vs WS, and betwe
Details of the contribution to osmotic potential of the single soluble sugars are reported

Parameter WW WS

Kleaf (mmol m−2 s−1 MPa−1) 3.52 ± 0.50 0.53 ± 0.08
RWCwood (%) 91.4 ± 0.02 78.8 ± 0.03
πwood (MPa) −2.17 ± 0.16 −4.40 ± 0.14
% πSS (%) 14.66 ± 1.15 8.63 ± 0.50
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transcripts linked to sugar mobilization showed no significant differences
between R-WW and R-WS plants (Fig. 4).

3.4. Pressure-volume curves

Pressure-volume (PV) curve-derived parameters were affected by the
different water treatments (Table 2). In particular, water potential at turgor
loss point (Ψtlp) and osmotic potential at full turgor (π0) were significantly
lower in WS plants than in WW plants (Table 2). However, no differences
were observed between R-WWandR-WS plants forΨtlp and π0. Conversely,
the relative water content al turgor loss point (RWCtlp) did not differ be-
tween WS and WW, while it was significantly reduced in R-WS compared
to R-WW. In addition, higher values of the bulk modulus of tissue elasticity
(ε) were found inWS than inWWplants, whereas εwas significantly lower
in R-WS than in R-WWplants. Finally,WS plants showed a lower apoplastic
water fraction (AWF) than WW plants. Conversely, R-WS plants showed
lower but not significantly different values of AWF compared to R-WW
plants.

3.5. Wood anatomy and cell wall related genes

The results of cell wall related gene expression showed an upregulation
of EXPA, coding for a putative expansin, and CCR, coding for a cinnamoyl-
CoA reductase 1 involved in lignin biosynthesis, in WS plants (Fig. 5). Fi-
nally, another gene involved in lignin synthesis,COMT,was downregulated
under water stress conditions (Fig. 5).

Staining specificity confirmed the lignin matrix of the secondary cell
wall (CW) (Fig. 6 A1-A2 and B1-B2). Additional deposition of material on
the cell wall (Add. CW) was observed in R-WS plants occupying the entire
cell lumen and was composed of various compounds, including phenolics
(Fig. 6 B1 vs A1, B2 vs. A2), pectins (Fig. 6 B3 vs A3), and mucilage
(Fig. 6 B4 vs A4). However, the effect of water treatment on CW thickness
and the percentage of Add. CW was different when considering the fiber
(FZ) and vessel (VZ) zones separately (Table 3). In the FZ higher values of
tic potential (πwood) and the contribution of total soluble sugars to osmotic potential
tered plants (R-WW) with re-watered plants (R-WS). Mean± SE (n= 5). Asterisks
en R-WW vs R-WS. Detailed results of one-way ANOVA are reported in Table SM3.
in Table SM5.

P R-WW R-WS P

* 3.77 ± 0.47 1.84 ± 0.37 *
* 91.8 ± 0.02 89.7 ± 0.01 n.s
* −1.68 ± 0.10 −2.17 ± 0.21 n.s
* 17.45 ± 9.38 13.46 ± 1.04 *

Image of Fig. 2


Fig. 3.A - D) Content of non-structural carbohydrates (sucrose, glucose, fructose and starch) comparing well-watered plants (WW)with water-stressed plants (WS) and well-
watered plants (R-WW) with re-watered plants (R-WS). Mean ± SE (n = 5). Asterisks represent statistically significant differences (p ˂ 0.05) between WW vs WS, and
between R-WW vs R-WS. Detailed results of two-way ANOVA are reported in Tables SM1 and SM2. E – G) Analysis of Q. ilex stem showing the distribution of starch
grains observed as black rounded structures stained by Lugol solution in well-watered plants (E), water-stressed plants (F) and re-watered plants (G). The accumulation of
starch occurs in parenchyma cells, mainly in the ray parenchyma cells (r) around the vessel zone (VZ - ellipse) compared to the fiber zone (FV). Bars = 200 μm.

Fig. 4. BAM3, GPT1, SPS4, and SUC27 expression comparing well-watered plants
(WW) with water-stressed plants (WS) and well-watered plants (R-WW) with re-
watered plants (R-WS). Mean ± SE (n = 3). Asterisks represent statistically
significant differences (p≤ 0.05) betweenWW vsWS, and betweenR-WW vsR-WS.
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CW thickness and%of Add. CWwere observed both inWS and R-WS plants
compared to controls, while in the VZ differences between treatments were
observed only after re-watering (Table 3). The ring width was reduced by
the water stress treatment (Fig. SM3). In addition, after re-watering the
number of vessels increased significantly but their area was lower in R-
WS plants compared to controls (Fig. SM3).

4. Discussion

4.1. Reduction of leaf gas exchanges under water stress led to NSCs consumption
without preventing loss of hydraulic conductivity

Our results showed that the water stress treatment applied to holm oak
seedlings was severe, as both leaf gas exchange and chlorophyll fluores-
cence parameters were strongly reduced, with values of Fv/fm close to irre-
versible leaf damage (Flexas andMedrano, 2002; Peguero-Pina et al., 2009)
(Fig. 1). In particular, both Pn and gs were reduced by approximately 70 %
inWS plants compared withWW plants, whereas intercellular CO2 concen-
tration (Ci) was reduced by only 28 %, indicating both biochemical and
diffusional limitations of photosynthesis under water stress (Fig. 1;
Tables SM3 and SM4). However, stomatal closure was not sufficient to pre-
vent a dramatic decline in both leafΨMD and RWC beyondΨtlp and RWCtlp

in WS plants compared with the controls (Figs. 1 and SM4, Table 1). More-
over, we observed a significant reduction in AWF (Table 2) concomitantly
with an increase in the bulk elastic modulus (ε), indicating harder and
less elastic cell walls in WS plants compared with WW plants (Saito et al.,
2006; Salleo et al., 1997).

Image of Fig. 3
Image of Fig. 4


Table 2
Pressure-volume curve parameters: water potential at turgor loss point (Ψtlp), relative water content at turgor loss point (RWCtlp), osmotic potential at full turgor (π0), bulk
modulus of elasticity (εmax) and apoplastic water fraction (AWF) comparing well-watered plants (WW)with water-stressed plants (WS) andwell-watered plants (R-WW)with
re-watered plants (R-WS). Mean± SE (n = 5). Asterisks represent statistically significant differences (p ˂ 0.05) between WW vsWS, and between R-WW vs R-WS. Detailed
results of one-way ANOVA are reported in Table SM3.

Parameter WW WS P R-WW R-WS P

Ψtlp (MPa) −2.32 ± 0.09 −3.89 ± 0.22 * −2.25 ± 0.13 −2.73 ± 0.18 n.s
RWCtlp (%) 89.4 ± 0.72 85.6 ± 2.61 n.s 90.9 ± 1.50 79.6 ± 2.64 *
π0 (MPa) −1.88 ± 0.11 −3.47 ± 0.21 * −1.86 ± 0.10 −1.72 ± 0.26 n.s
εmax (MPa) 11.9 ± 0.75 19.7 ± 3.11 * 12.8 ± 1.66 5.0 ± 1.23 *
AWF (%) 0.73 ± 0.23 0.40 ± 0.52 * 0.73 ± 0.18 0.68 ± 0.38 n.s
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Our data showed that, under severe water stress, Q. ilex leaves experi-
enced a significant loss in hydraulic conductance, as Kleaf of WS plants ac-
counted for approximately 15 % of that of WW plants (Table 1). The
observed reduction in Kleaf was also accompanied by a Ψstem drop of ap-
proximately −4.6 MPa and an increment in PLC values to approximately
50 % inWS plants (Fig. 2A and C, Table 1). These values of xylem vulnera-
bility to embolism are very close to those found in previous studies on
Q. ilex potted saplings exposed to severe water stress, reporting a PLC of
50 % at a water potential between −4.5 and − 5.5 MPa (Peguero-Pina
et al., 2014; Resco de Dios et al., 2020). Our findings suggest a lack of hy-
draulic segmentation, in accordance with recent studies reporting that
Q. ilex leaves and stems are equally vulnerable to drought-induced embo-
lism (Alonso-Forn et al., 2021; Peguero-Pina et al., 2015; Skelton et al.,
2018). Indeed, evergreen sclerophyll species exhibit a conservative leaf
strategy that relies on high leaf mass per area, long time span, and high con-
struction costs (Flexas et al., 2013; Martin-StPaul et al., 2017; Skelton et al.,
2018; Smith-Martin et al., 2020). Nevertheless, further studies are needed
to track embolism propagation between stems and leaves of this species.
For example, it is possible that higher levels of stress may lead to the occur-
rence of higher degrees of embolism in leaves versus stems because of the
steeper water potential gradients that would occur with higher levels of
transpiration, as reported by Limousin et al. (2022).

The increase in PLC under reduced soil water availability may also have
triggered the upregulation of aquaporins PIP2 inWS plants (Fig. 2D). Previ-
ous studies have found that PIP2 aquaporin genes are involved in the
drought response, with a specific expression in vessel-associated cells in
walnut trees and grapevine petioles (Lopez et al., 2003; Chitarra et al.,
2014). Our data support previous evidence that PIP2 aquaporins facilitate
water movement across the plasma membrane in wood parenchyma, thus
assisting the radial movement of water from living tissues to xylem vessels
(Cao et al., 2014; Lopez et al., 2013; Pfautsch et al., 2015). Thewater stress-
induced decrease in Pn resulted in a decrease in NSCs concentration in the
wood parenchyma, as previously reported by Brunetti et al. (2019) and
Tomasella et al. (2019b). When carbon shortage occurs, multiple enzymes
may break down starch into soluble sugars, such as α and β amylases
(Thalmann and Santelia, 2017). In our study, the observed reduction in
starch content was likely due to its enhanced degradation (Fig. 3). Indeed,
BAM3, a β-amylase gene homologous to BAM3 in grapevine (Chitarra et al.,
Fig. 5. CCR, COMT, and EXPA expression in Q. ilex comparing well-watered plants
(WW) with water-stressed plants (WS) and well-watered plants (R-WW) with re-
watered plants (R-WS). Mean ± SE (n = 3). Asterisks represent statistically
significant differences (p ˂ 0.05) between WW vsWS, and between R-WW vs R-WS.
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2014; Perrone et al., 2012) andArabidopsis (Fulton et al., 2008), was upreg-
ulated in WS plants, along with a concurrent increase in soluble carbohy-
drates and an almost complete disappearance of starch grains in
parenchyma cells (Figs. 3 and 4). Previous studies have shown that β-
amylase upregulation is driven by abscisic acid (ABA) (Thalmann and
Santelia, 2017). Therefore, the upregulation of NCED5 and NCED1 in WS
plants could have led to an increase in ABA biosynthesis that, in turn,
may have triggered starch degradation in the woody tissue (Chitarra
et al., 2014; Brunetti et al., 2019). A possible involvement of ABA in holm
oak response to water stress was also indicated by the ABA-responsive
gene expression of the bHLH30 transcription factors (Fig. SM5)
(Madritsch et al., 2019). In addition, a lower sucrose content was observed
along with a decrease in the expression of SUC27, an H+-dependent su-
crose transporter (Fig. 4). Downregulation of SUC27 has been previously re-
ported in grape petioles (Perrone et al., 2012), suggesting that under severe
water stress, the main provision of sugars to vessel-associated cells may be
derived from starch degradation and not from phloem unloading. There-
fore, downregulation of SUC27 may have reduced the efflux of sucrose to
the apoplast, thus sustaining cellular metabolism under water stress
(Payyavula et al., 2011). In support of this hypothesis, the GPT1 gene was
also found to be downregulated in WS plants, indicating a limitation in glu-
cose transport and accumulation of starch reserves in the woody tissue
(Noronha et al., 2018). The low wood sucrose content may have triggered
the upregulation of a sucrose synthase gene (SPS4) (Fig. 4). However,
since sucrose accumulationwas not observed, we suggest a high catabolism
of this sugar due to the activity of apoplastic invertases, which, even if not
directly examined in our study, are usually upregulated under water stress
conditions and low pH (Pagliarani et al., 2019). Considering thatwood is an
important sink tissue for starch accumulation, we can surmise that the se-
vere stress conditions reached in our experiment limited photosynthesis
and induced the depletion of carbohydrate reserves that were used tomain-
tain respiration and provide energy for cellular metabolism (Galiano et al.,
2012; Noronha et al., 2018; Rodríguez-Calcerrada et al., 2021).

These results imply that soluble sugars play a negligible role in providing
the osmotic force to maintain cell turgor and regulate Q. ilex water balance
(Resco de Dios and Gessler, 2021), as also highlighted by the calculation of
ssπ which was lower than <20 % in both WS and WW plants (Table 1,
Table SM5). Accordingly, WS plants showed passive osmotic adjustment
in wood parenchyma cells because the significant reduction in πwood was ac-
companied by a decrease in RWCwood, suggesting that tissue dehydration
was the main cause of the observed accumulation of solutes (Table 1).

The expression of the CCR1 gene, which is involved in the lignification
of interfascicular fibers and xylem vessels, suggests that water stress also
caused the activation of lignin biosynthesis in wood parenchyma, as previ-
ously reported in leaves (Fig. 5) (Srivastava et al., 2015; Vanholme et al.,
2010). In addition, under water stress, a gene coding for an α-expansin pro-
tein (EXPA) weas upregulated (Fig. 5). Expansin proteins mediate cell wall
loosening, and several studies have shown that upregulation of α-expansin
gene expression results in a higher water retention ability under drought
conditions, although the possible mechanisms remain unclear (Jin et al.,
2020; Tenhaken, 2015; Wu et al., 2001). Finally, water stress may have
activated protective adjustments against oxidative stress in wood paren-
chyma (Fonti et al., 2013). In particular, our results suggest that prolonged
water deprivation induces the expression of NADK3 and CYP75B1 genes,

Image of Fig. 5


Fig. 6. A – B) Anatomical observations ofQ. ilex stem in well-watered (A / R-WW) and re-watered (B / R-WS) plants. In the fiber zone (FZ), additional deposition of material
on the cell wall (Add. CW/ asterisks) was found in R-WS plants compared to R-WW plants (CW – arrows), with phenolic compounds identified by the dark-blue/purplish
colour of the toluidine blue (B1 vs. A1), lignin matrix identified by the safranin (B2 vs. A2), pectin highlighted in pink by the ruthenium red (B3 vs. A3), and mucilage
dyed in light blue by the Alcian blue stain (B4 vs. A4).

A. Gori et al. Science of the Total Environment 878 (2023) 163124
which are involved in the production of NADP(H) and flavonoids, respec-
tively, and play a primary role in the scavenging of reactive oxidative spe-
cies (Fig. SM5) (Kotrade et al., 2019; Madritsch et al., 2019). The
upregulation of two genes (AOS3 and CUL1) encoding proteins putatively
involved in jasmonic acid biosynthesis supports previous hypotheses re-
garding the involvement of this hormone in the biosynthesis of antioxidant
compounds (Fig. SM5) (Kim et al., 2006; Nagels Durand et al., 2016; Yuan
et al., 2017).

4.2. The recovery of wood NSCs reserves was not accompanied by a full
restoration of hydraulic conductivity after rewatering

Our findings suggest that the Q. ilex photosynthetic apparatus is highly
resilient to water stress, as Fv/fm and ΦPSII fully recovered after thirty days
of rewatering (Fig. 1). However, only partial recovery of leaf gas exchange
and leaf hydraulic traitswas observed in R-WS plants comparedwithR-WW
plants, indicating that the incomplete recovery of Pn was caused by the per-
sistence of stomatal limitations (Fig. 1, Table SM4) (Peguero-Pina et al.,
2018). In addition, leaf water parameters (ΨMD and RWC) remained
lower in R-WS plants than in R-WW plants, indicating a lack of leaf hydrau-
lic recovery owing to xylem embolism persistence (Fig. 1; SM4) (Creek
Table 3
Summary of the results of two-way ANOVA on cell wall thickness (CW) and additional
significant differences among treatments (p < 0.05).

WW WS

VZ FZ VZ FZ

CW thickness (μm) 6.23 ± 0.03d 6.89 ± 0.07c 6.47 ± 0.14c 9.66 ± 0
Add. CW (% of cells) 14.6 ± 0.19d 31.68 ± 2.89c 24.89 ± 5.7c 72.79 ±
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et al., 2018). Accordingly, Kleaf and PLC did not show complete recovery
even after thirty days of rewatering, implying that the restoration of
xylem conductivity was primarily due to new xylem growth rather than ac-
tive xylem refilling (Choat et al., 2015; Rehschuh et al., 2020) (Fig. 2;
Table 1). At the same time, residual xylem embolism and the lack of hy-
draulic recovery may explain the inability ofQ. ilex seedlings to restore sto-
matal conductance, highlighting the close relationship between leaf gas
exchange and hydraulic functionality. This may indicate that, in this spe-
cies, the stomatal aperture is mainly driven by water potential rather than
by other mechanisms, such as abscisic acid signaling and accumulation,
as previously suggested by Peguero-Pina et al. (2018).

After rewatering, a higher number of vessels with a lower diameter was
found in R-WS plants than in R-WW plants, suggesting that the variation in
hydraulic conductivity may be related to changes in conduit size, as
revealed by the significant reduction in Kth (Tables SM3 and SM4)
(Corcuera et al., 2004; De Micco et al., 2008). Indeed, the occurrence of fre-
quent small vessels throughout the entire ring inQ. ilex represents a strategy
to cope with unfavourable conditions (freeze events in winter and drought
periods in summer) because small vessels are less susceptible to cavitation
and embolism (Campelo et al., 2010; Cavender-Bares et al., 2005). Other
important anatomical modifications in cell wall thickness and composition
CW (Add. CW) in fiber (FZ) and vessel (VZ) zones of Q. ilex plants. Letters indicate

R-WW R-WS

VZ FZ VZ FZ

.31a 5.94 ± 0.06d 7.53 ± 0.14b 7.03 ± 0.15bc 9.36 ± 0.06a
6.08a 13.63 ± 2.62d 46.73 ± 1.88b 37.50 ± 4.33bc 81.74 ± 3.74a

Image of Fig. 6


Fig. 7. Figure summarizing the anatomical, physiological, molecular and biochemical responses of Q. ilex to thirty days of water stress and thirty days of rewatering. Red
symbols were used to compare water stress plants (WS) to well-watered (WW) while blue symbols were used to compare re-watered plants (RW) to re-watering (R-WW).
Upward and downward arrows indicate an increase or a decrease, respectively, in the corresponding values of treated plants (WS and R-WS) compared to the control
plants (WW and R-WW). The symbols (>) and (<) indicate an up-regulation or a downregulation, respectively, in gene expressions of treated plants (WS and R-WS)
compared to control plants (WW and R-WW); while the symbol (=) indicates no differences in gene expression comparing WS plants to WW plants, and R-WS plants to
R-WW plants. Abbreviation: Ψstem, xylem water potential; πwood, wood osmotic potential; RWCwood, wood relative water content; PLC, percentage loss of hydraulic
conductivity; NSCs, non-structural carbohydrates.
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were also observedunder rewatering conditions (Fig. 6). The composition of
the additional cell wall observed in Q. ilex wood parenchyma fibers can be
identified as gelatinous fibers (Fig. 6B), mainly composed of non-lignified
substances such as pectin and hemicelluloses, and characterized by greater
thickness, lower density, and loosening appearance compared to the cell
wall secondary layers (Ghislain and Clair, 2017; Piva et al., 2019;
Western, 2012), and is usually more abundant in roots or in tension wood
(Bowling and Vaughn, 2008; Piva et al., 2020). Indeed, pectin has been
shown to play a crucial role inmodulating cell wall structure, helping recov-
ery from severe drought episodes (Le Gall et al., 2015). In our study, the for-
mation of gelatinous fibers, is suggested as a short-term water storage
structure that helps Q. ilex recover from water stress (Carlquist, 2014),
and it can be an important anatomical marker of drought episodes
(Cabane et al., 2012). In fact, the downregulation of a putative COMT, cod-
ing a caffeic acid o-methyltransferase, induced by water stress in wood pa-
renchyma may have generated the changes in the lignin chemical
structure observed after rewatering, that led to different proportions of the
three monomers p-coumaryl, coniferyl and sinapyl alcohol and, conse-
quently, in the G-/S-type ratio of lignin (guaiacyl/ syringyl) (Figs. 5 and 6)
(Chanoca et al., 2019; Lu et al., 2019). At the same time, we may surmise
that the involvement of EXPA in cell wall remodeling may be related to
the observed changes in cell wall composition of fibers, in particular to
the accumulation of substances that undergo considerable swelling upon hy-
dration contributing to wood parenchymawater storage (Jupa et al., 2016).

Finally, in accordance with our second hypothesis, the fresh assimilated
carbon derived from the partial recovery of Pn led to the accumulation of
new starch reserves in the wood parenchyma cells, particularly those sur-
rounding the xylem conduits (Fig. 3). Similar results have also been re-
ported for this species under both greenhouse and field conditions
(Aguadé et al., 2015; Rodríguez-Calcerrada et al., 2017; Peguero-Pina
et al., 2018). Our findings indicate that, in Q. ilex seedlings, thirty days of
rewatering were sufficient to restore NSCs reserves and growth rates
(Figs. 3 and SM3, Table SM4) and that the carryover effects of water stress
were primarily caused by hydraulic dysfunction (Fig. 2).

5. Conclusion

In this study, we provide new insights into the multiple mechanisms
responding to severe water stress and rewatering in the wood parenchyma
10
of holm oak seedlings (Fig. 7). Our study demonstrated that severe water
stress critically impaired plant metabolic and hydraulic functioning. In-
deed, the maintenance of high carbon demands for growth and respiration,
in parallel with a reduction in photosynthesis, causes NSCs depletion in the
wood parenchyma of the WS plants. After thirty days of rewatering, a lack
of leaf hydraulic recovery due to xylem embolism persistence was ob-
served, causing an incomplete restoration of leaf gas exchanges. However,
the partial re-increase in photosynthetic rates enabled the storage of new
wood starch reserves, particularly in cells surrounding the vessels. Several
anatomical changes related to the formation of new vessels as well as
changes in the wall thickness and composition of wood parenchyma cells
were also observed, assisting in the recovery of the plant water storage ca-
pacity. Based on our findings, we suggest that severe water stress results in
hydraulic impairment of Q. ilex seedlings, and that recovery is dependent
on the regrowth of new vessels. Thus, water stress carryover effects may af-
fect plant resilience, compromising holm oak physiological performances
under recurrent and severe drought events.
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