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Xylem embolism is one of the possible outcomes of decreas-
ing xylem pressure when plants face drought. Recent stud-
ies have proposed a role for non-structural carbohydrates
(NSCs) in osmotic pressure generation, required for refilling
embolized conduits. Potted cuttings of grapevine Grenache
and Barbera, selected for their adaptation to different cli-
matic conditions, were subjected to a drought stress fol-
lowed by re-irrigation. Stem embolism rate and its recovery
were monitored in vivo by X-ray micro-computed tomog-
raphy (micro-CT). The same plants were further analyzed
for xylem conduit dimension and NSC content. Both cul-
tivars significantly decreased ¥, in response to drought
and recovered from xylem embolism after re-irrigation.
However, although the mean vessel diameter was simi-
lar between the cultivars, Barbera was more prone to
embolism. Surprisingly, vessel diameter was apparently
reduced during recovery in this cultivar. Hydraulic recov-
ery was linked to sugar content in both cultivars, showing a
positive relationship between soluble NSCs and the degree
of xylem embolism. However, when starch and sucrose
concentrations were considered separately, the relation-
ships showed cultivar-specific and contrasting trends. We
showed that the two cultivars adopted different NSC-use
strategies in response to drought, suggesting two possi-
ble scenarios driving conduit refilling. In Grenache, sucrose
accumulation seems to be directly linked to embolism for-
mation and possibly sustains refilling. In Barbera, mal-
tose/maltodextrins could be involved in a conduit recov-
ery strategy via the formation of cell-wall hydrogels, likely
responsible for the reduction of conduit lumen detected by
micro-CT.
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Introduction

Over recent decades, terrestrial plants have faced increasing fre-
quency and intensity of water stress events (Dai 2011). Intense
or prolonged drought can threaten plant growth and survival,
with negative effects on crops (Lesk et al. 2016) and natural
vegetation (Adams et al. 2017). Vascular plants can sustain pho-
tosynthesis and growth by maintaining the balance between the
water absorbed by roots from the soil and the water lost by
transpiration (Venturas et al. 2017, Nardini et al. 2018). How-
ever, severe drought events can lead to a drop of xylem pressure
below species- and organ-specific critical thresholds, leading
to embolism-induced disruption of the continuity of water
columns in xylem conduits (Tyree and Sperry 1989, Mayr et al.
2014) and ultimately causing plant dehydration and dieback
(Tyree 1988, Tyree and Zimmermann 2002, Nardini et al. 2013,
Choat et al. 2018). In woody angiosperms, such detrimental
consequences are thought to occur when xylem hydraulic con-
ductance drops by >60-80% compared to the well-hydrated
status (Nardini et al. 2013, Urli et al. 2013, Adams et al. 2017).
The drought-induced decline of water potential depends
on the hydraulic strategy and stomatal behavior that is
species/variety dependent and shifts between two theoretical
extremes: conservative and dissipative (Klein et al. 2014, Char-
rier et al. 2018). However, the interaction with environmental
conditions and drought intensity can shape this response (strat-
egy), leading to a modulation of stomatal response, even in
the same species/variety (Martinez-Vilalta and Garcia-Forner


https://orcid.org/0000-0002-4969-2752
https://orcid.org/0000-0002-3635-8501
https://orcid.org/0000-0002-1470-1030
https://orcid.org/0000-0002-5208-0087
https://orcid.org/0000-0003-4398-5519
mailto:valentino.casolo@uniud.it

2017, Hochberg et al. 2018). Different sensitivities in stom-
atal regulation and photosynthetic behaviors of plants have
been claimed to lead to different trajectories of non-structural
carbohydrate (NSC) content and plant hydraulic functioning
under drought. These would range from (i) a progressive decline
of energy sources (carbon starvation) (McDowell et al. 2008)
if carbon demand strongly exceeds carbon supply to (ii) a
complete failure of hydraulic conductance depending on the
species-specific vulnerability to embolism. The first scenario
is more likely for plants displaying a conservative water-use
strategy, whereas the second is expected in species maintain-
ing high levels of gas exchanges, even under water shortage.
Nonetheless, also in the first case, direct links between NSC
decline, water potential dynamics, and stomatal regulation
need to be cautiously considered (Garcia-Forner et al. 2017).
However, most drought events do not suddenly reach criti-
cal thresholds leading to hydraulic failure, and woody plants
can respond to water deprivation with medium-, long-term
acclimation responses including morpho-anatomical changes
such as the production of new xylem conduits (Zhang et al.
2019), increased conduit wall thickness and wood density, as
well as leaf hydraulics changes (Sorek et al. 2021), restric-
tions of vessel at petiole level (Falchi et al. 2020) and pit
membrane modifications (Hacke et al. 2001, Sperry et al.
2006, 2007). When drought ends and water supply is restored,
plants can also recover their hydraulic functioning by means
of rapid physiological responses. Indeed, it has been suggested
that, under certain conditions, plants can refill embolized
conduits (Trifilo et al. 2015, Savi et al. 2016, Yoshimura
et al. 2016, Beikircher and Mayr 2017, Gleason et al. 2017,
Love and Sperry 2018).

The actual occurrence of embolism repair has been inten-
sively investigated and debated (Martorell et al. 2014, Ooeda
et al. 2016, Secchi and Zwieniecki 2016, Trifilo et al. 2017,
Brodersen et al. 2018, Nardini et al. 2018). This phenomenon is
frequently accompanied by the increase of the sugar pool at the
expense of starch (Yoshimura et al. 2016, Beikircher and Mayr
2017, Pagliarani et al. 2019, Wang et al. 2019, Tomasella et al.
2021), leading to the hypothesis of an active osmotic role of
NSCs during the refilling process (Nardini et al. 2011a, Brodersen
and McElrone 2013, Knipfer etal. 2016), and in particular to gen-
erate a local positive pressure driving water flow into gas-filled
conduits (Secchi and Zwieniecki 2011, 2012).

Despite experimental evidence supporting hydraulic recov-
ery in tracheophytes based on refilling of embolized conduits,
the validity of these findings is still under debate, in partic-
ular for reports suggesting refilling under residual moderate
xylem tension (Cochard and Delzon 2013). Synchrotron X-ray
micro-computed tomography (micro-CT) has been used to
visualize in vivo embolism formation and subsequent refilling
(Brodersen et al. 2013). In particular, several micro-CT experi-
ments on embolism repair were performed on Vitis vinifera, with
some studies confirming the occurrence of this phenomenon
(Holbrook et al. 2001, Brodersen et al. 2013, Knipfer et al. 2015),
but others reported a lack of conduits refilling under residual

negative pressure after rehydration, at least in the apical part of
the plant (Charrier et al. 2016).

These dissimilar results do not surprise, considering the crit-
ical role of plant physiological status at the end of drought in
determining whether embolism repair is energetically possible
(Savi et al. 2016, Tomasella et al. 2019, 2021, Trifilo et al. 2021).
Moreover, the actual mechanisms of water stress response in V.
vinifera are complicated by several anatomical and physiologi-
cal peculiarities due to its vine habitus and ecology, features that
are also variable among cultivars (Lovisolo et al. 2010). In partic-
ular, a critical point is the range of regulation of stomatal closure
in different cultivars (Hochberg et al. 2018, Villalobos-Gonzalez
et al. 2019), which might reflect also in NSC metabolism under
drought and thus possibly on the occurrence of xylem refill-
ing process upon rehydration. In drought-stressed grapevines,
starch depletion has been observed (Rodrigues et al. 1993).
However, NSCs were shown to be involved in active osmotic
adjustment in immature leaves, while a major role is played
by inorganic ions (Patakas and Noitsakis 2001, Patakas et al.
2002). Recent studies on canes and leaf petioles of grapes sug-
gested that the variation in NSCs mainly depends on the type of
drought stress (i.e. short and severe vs mild and prolonged) and
on the hydraulic behavior displayed under stress (Falchi et al.
2019, 2020, Morabito et al. 2021).

Considering that high resistance to embolism is generally
associated with genotypes distributed in dry environments
(Maherali et al. 2004), we tested the relationship between
hydraulics and carbon metabolism under drought and recov-
ery in two red grape varieties, i.e. Grenache, the most widely
planted red grape variety, considered as drought resistant and
well adapted to Mediterranean regions, and Barbera, native
from Northern Italian region and more associated to continen-
tal climate conditions. Based on micro-CT analysis, we ana-
lyzed xylem embolism in grapevine cuttings exposed to a severe
drought and their xylem functionality recover upon rehydra-
tion by refilling vessels. Concurrently, we investigated the role of
NSCs during the drought stress and subsequent recovery, focus-
ing on different compounds potentially important for osmoreg-
ulation and for energetic metabolism (i.e. glucose, sucrose, mal-
tose/maltodextrins and starch). We expected sugar levels to
increase under drought, followed by a reduction near to pre-
stress values during recovery. We specifically aimed at describ-
ing potential cultivar-based differences in xylem embolism for-
mation/recovery, as coupled to NSC metabolism.

Results

Relationship between stomatal conductance and
stem water potential

Under drought stress, both cultivars underwent a reduction
of gas exchange rates directly related to the water potential
decrease. However, the interpolation curves obtained from
punctual measurements showed that Grenache reached a leaf
conductance to water vapor <50 mmol H,0 m™ s™" at W g of



approximately —0.7 MPa, while in Barbera the same level of gas
exchange was reached at lower values (about —1.0 MPa) (Sup-
plementary Fig. S1). Consistently, the absolute lower values of

W .m Were reached in Barbera.

Water status

Experimental treatments significantly affected the predawn
water potential (¥,4) (Table 1), while neither the cultivar
nor the interaction between factors was significant. When
grapevine plants were exposed to drought, in both culti-
vars a similar and significant decrease of W4 was observed
(Fig. 1A). After rewatering, W,y returned to pre-drought val-
ues. The degree of xylem embolism was statistically influenced
by the treatment and cultivar, but not by their interaction
(Table 1). Both cultivars showed a two-fold increase in
embolism percentage during drought, followed by a recov-
ery after rewatering (Fig. 1B), as documented by micro-CT
images in terms of the number of gas- vs water-filled conduits

Table 1 ANOVA (two-way) applied to ¥4 and xylem embolism in
relation to cultivar, treatment and their interactions

Response variable  Factor df F-value P

Vo Cultivar 139 0.20 0.655
Treatment 239 3638 <0.001
Cultivar * treatment ~ 2.39 0.25 0.786

Xylem embolism Cultivar 132 4.72 0.037
Treatment 2.32 4.84 0.015
Cultivar * treatment ~ 2.32 0.02 0.981

Significant relationships are in bold.
df = degrees of freedom; F = Fisher value; P = level of significance.
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(Fig. 2). Well-watered Grenache plants displayed a significantly
lower level of embolism rate (Table 1) (20.0 + 16.3%) than
Barbera plants (31.4 + 18.4%).

Non-structural carbohydrates

The stem content of the total soluble NSC was significantly
affected by the treatment, following the same trend of
embolism rate (Table 2). In both cultivars, total soluble NSC
content was higher in water-stressed (S) plants than in well-
watered (W) and re-irrigated (R) plants (Fig. 3A). Starch level
in stems did not show significant changes with respect to treat-
ment, but it was influenced by cultivar (Table 2), as its content
was more than the double in Barbera (12.5 + 102 mg g~' DW)
compared to Grenache (5.0 + 4.5 mg g™ DW).

Among the analyzed sugar components (i.e. glucose, sucrose
and maltose/maltodextrins), sucrose was the most abundant
soluble carbohydrate in both cultivars, representing about two-
thirds of the total NSC. Although its content showed a sim-
ilar pattern observed for total sugars, it was not significantly
affected either by the experimental treatments or by their inter-
action (Table 2).

Glucose represented a minor component of NSCs (approx-
imately 1mg g~' DW) and did not display significant changes
between treatments, cultivar or their interaction (Table 2).

Maltose and maltodextrins content was significantly differ-
ent between cultivars (Table 2), reaching approximately 20%
and <10% of the total NSC in Barbera and Grenache, respec-
tively (Fig. 3B). The two cultivars exhibited contrasting trends
when subjected to treatments (Table 2). Maltose and mal-
todextrins increased during recovery in Barbera but decreased
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Fig. 1 Predawn leaf water potential (¥ 4) and xylem embolism percentage in cv. Barbera and Grenache under different water status. ¥, (A)
and xylem embolism (B) in well-watered (W), water-stressed (S) and recovered (R) plants of cv. Barbera and Grenache. Means -+ SD (n = 14) are
shown. Different letters correspond to statistically significant differences (P < 0.05).
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Fig. 2 Xylem embolism visualization by the micro-CT image analysis in plant stems of cv. Barbera and Grenache under different water status. Imag-
ing of transverse sections of micro-CT scans showing stem xylem functionality as the occurrence of water-filled vessels (light gray) or embolized
conduits (appearing as black gray) in well-watered (W), water-stressed (S) and re-irrigated (R) plants of cv. Barbera and Grenache. ¥, values of
these samples at the time of scanning were shown in the images. Bars = 150 pm.

Table 2 ANOVA (two-way) applied to the total soluble NSC, sucrose,
glucose, maltose/maltodextrins and starch content in relation to culti-
var, treatment and their interactions

Response variable Factor df  F-value P

Total soluble NSC Cultivar 1.38 1.35 0.252
Treatment 2.38 5.89 <0.006
Cultivar * treatment  2.38 1.35 0.272

Sucrose Cultivar 139 472 0.858
Treatment 2.39 2.11 0.134
Cultivar * treatment 239  0.46 0.632

Glucose Cultivar 133 0.005 0.942
Treatment 233 0.026 0.974
Cultivar * treatment 233 0.107 0.342

Maltose/maltodextrins  Cultivar 135 36.80 <0.001
Treatment 2.35 0.026 0.209
Cultivar * treatment ~ 2.35 0.107 0.004

Starch Cultivar 133 1377 <0.001
Treatment 233 1.15 0.330

Cultivar * treatment  2.33 113 0.337

Significant relationships are in bold.
df = degrees of freedom; F = Fisher value; P = level of significance.

in Grenache. The stem concentration of each NSC investi-
gated for each treatment and for each cultivar is reported in
Supplementary Table S1.

Relationship between ¥ ,, NSC content and xylem
embolism

Assignificant negative relationship between the xylem embolism
rate and W 4 was observed for the two cultivars (Table 3,

Fig. 4). In both cultivars, the relationship between the
concentration of the total soluble NSC and the xylem
embolism rate showed consistent trends, with an increasing
total soluble NSC along with the increasing embolism rate
(Table 3; Fig. 5).

Significant relationships emerged between the concentra-
tion of both starch and sucrose and the xylem embolism
level, with cultivar-specific trends (Table 3). In Barbera, a
negative significant relationship emerged between starch and
embolism rate, while in Grenache the relationship was pos-
itive, with a lower slope (Fig. 6A). Among the single sugar
compounds analyzed, only sucrose content was positively
influenced by the embolism level in the Grenache cultivar,
whereas no significant relationship was observed in Barbera
(Fig. 6B).

Vessel area

Barbera and Grenache differed in the distribution of ves-
sel size classes in their stems (P <0.001). In fact, Grenache
showed a significantly higher number of wide vessels
(Supplementary Fig. S2A). The very short recovery time (2 d)
likely did not allow the production of new vessels (Supplemen-
tary Fig. S2B). Nonetheless, when comparing the diameter of
vessels in stressed vs recovered samples, a significant difference
was observed in Barbera, which showed an apparent increase in
the percentage of narrower vessels in recovered ones (P < 0.001)
(Supplementary Fig. S3).
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Fig. 3 Variation of NSCs under different water status. The total soluble NSC (A) in stems of well-watered (W), water-stressed (S) and recovered (R)
plants (n = 14). Maltose and maltodextrins content (B) in stems of well-watered (W), water-stressed (S) and recovered (R) plants of cv. Barbera
(left) and Grenache (rigth) (n = 7). Means 4 SD are shown. Different letters correspond to statistically significant differences (P < 0.05).

Table 3 Results of ANOVA applied to the linear models describing the relationship between xylem embolism and ¥ ,; and NSCs and xylem
embolism in stem of Barbera and Grenache grapevines; cultivar (Barbera and Grenache), Yo (in the case of xylem embolism) or xylem embolism
(in the case of the total soluble NSC, sucrose, glucose, log(Maltose/maltodextrins) and log(Starch)) and their interactions were tested

Response variable Explanatory variable df F-value P
Xylem embolism Cultivar 1.34 0.68 0.425
\Ilpd 1.34 27.50 <0.001
Cultivar* ¥ 4 1.34 0.92 0.345
Total soluble NSC Cultivar 1.34 0.24 0.627
Xylem embolism 1.34 7.10 0.011
Cultivar * xylem embolism 134 1.66 0.207
Sucrose Cultivar 1.32 0.05 0.831
Xylem embolism 132 2.50 0.124
Cultivar * xylem embolism 1.32 6.25 0.018
Glucose Cultivar 134 0.59 0.449
Xylem embolism 1.34 0.32 0.580
Cultivar * xylem embolism 134 0.22 0.646
log(Maltose/maltodextrins) Cultivar 132 17.81 <0.001
Xylem embolism 132 0.58 0.598
Cultivar * xylem embolism 132 0.01 0913
log(Starch) Cultivar 132 16.58 <0.001
Xylem embolism 132 0.16 0.367
Cultivar * xylem embolism 132 4.48 0.042

Significant relationships are in bold.
df = degrees of freedom; F = Fisher value; P = level of significance.

Discussion

Relationship between stomatal conductance and
stem water potential

Young cuttings of V. vinifera subjected to the experimen-
tal drought underwent a decrease of W, to values con-
sistent with those recorded in field-growing grapevine plants
experiencing severe summer water shortage (Lovisolo et al.

2010). Barbera and Grenache are originally adapted to differ-
ent climate conditions and were expected to exhibit differ-
ent hydraulic behaviors in response to drought (Schultz 2003,
Shelden et al. 2017). Consistently, young cuttings from these
cultivars revealed different levels of gas exchanges when U
decreases, confirming the near-isohydric behavior of Grenache
(Gerzon et al. 2015) and suggesting the near-anisohydric behav-
ior of Barbera.
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Fig. 4 Overall relationships between predawn leaf water poten-
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of applied linear models. Shaded areas represent the confidence
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Fig. 5 Overall relationships between xylem embolism and the total sol-
uble NSC. Relationships between xylem embolism and the total soluble
NSC, according to the outcomes of applied linear models. Shaded areas
represent the confidence intervals (0.95).

Water status

Despite Grenache showed a higher number of wide xylem ves-
sels compared to Barbera and a constitutive varietal difference
in the degree of xylem embolism was detectable, its pattern
under drought was similar in both cultivars. In both cultivars,
the observed decrease in water potential under water shortage
was coupled to the increase of xylem embolism rates, and this
behavior and relative susceptibility to xylem embolism under
dehydration was likely associated with cultivar-specific vessel

network characteristics (Jacobsen et al. 2015, Venturas et al.
2017).

The recovery phase allowed plants to return to the same
W4 values measured before the water stress treatment. A com-
plete recovery of xylem functional status to pre-drought levels
was also observed, indicating that grapevine can recover from
embolism through the refilling of empty vessels, as already
shown in previous studies in the genus Vitis (Brodersen et al.
2018, 2013, Knipfer et al. 2016) and in other woody species
(Wheeler et al. 2013, Secchi and Zwieniecki 2014, Trifilo et al.
2014). However, it should be stressed that even if a recovery of
water-filled vessels was demonstrated through micro-CT imag-
ing in both cultivars after rewatering, only actual measurements
of the vessel conductivity by means of tracers could demon-
strate that refilled vessels regained full functionality of water
transport (Pratt and Jacobsen 2018, Pratt et al. 2020).

Active role of NSCs in the xylem refilling
mechanism

Previous observations of grapevine responses to drought
showed a reduction of NSC content in leaves (Rodrigues et al.
1993, Patakas et al. 2002). Instead, our results showed that
grapevine responds to water stress with an accumulation of
NSCs at the stem level, consistently with what observed also
in leaf petioles of cultivar Merlot (Vuerich et al. 2021) and in
stems of Grenache when exposed to slow-developing drought
(Morabito et al. 2021). Consistently with these apparently con-
trasting observations, Savi et al. (2019a) reported for the cul-
tivar Riesling an even more complex scenario, where the NSC
increase or decrease during drought is depending on organ and
carbohydrate type.

The observed NSC accumulation in the stem is compatible
with the role that soluble carbohydrates play in osmoregula-
tion when woody plants are exposed to drought (Peltier et al.
2021, Tomasella et al. 2021), low temperature (Baffoin et al,,
2021, Lintunen et al. 2016, Casolo et al. 2020) or salinity (Gil
et al. 2013, Pellegrini et al. 2020). This has also been reported for
V. vinifera exposed to water stress (Patakas and Noitsakis 2001,
Degu et al. 2019), although inorganic ions like Kt (Monder
et al. 2021) are considered the major drivers of this process in
grapevine (Patakas et al. 2002). In short severe drought, the
observed increase in stem soluble NSCs in both cultivars was
consistent with that reported when a slow-developing drought
was imposed in Grenache (Morabito et al. 2021). This result
suggests that the type of stress may not be the only driver mod-
ulating the response of grapevines to drought, but other traits
such as rootstock genotype and scion size might be involved.

When the total soluble NSC was plotted vs embolism rate,
a positive relationship emerged for both cultivars. This find-
ing is consistent with the relationships between soluble NSCs
and xylem embolism levels reported for other woody plants
(Yoshimura et al. 2016, Liu et al. 2019, Trifilo et al. 2019,
Nakamura et al. 2021), as well as with observations of NSC con-
sumption coupled to embolism recovery at the end of the water
stress (Tomasella et al. 2019).
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Fig. 6 Overall relationships between xylem embolism, starch and sucrose. Relationships between xylem embolism and the content of starch in
cv. Barbera (blue) and Grenache (red) (A); relationships between xylem embolism and the content of sucrose in cv. Barbera (left) and Grenache
(right) (B), according to the outcomes of applied linear models. Shaded areas represent the confidence intervals (0.95).

Previous studies have reported that the contents of differ-
ent sugar types in plants subjected to drought were variable
(Pagliarani et al. 2019, Savi et al. 2019b) as observed also
in grapevine leaf, stem, root (Savi et al. 2019a) and petioles
(Falchi et al. 2020). In our experiment, when considering sep-
arately sucrose, glucose and maltose (including maltodextrins),
it appeared that only in Grenache the sucrose sustained solu-
ble NSC response to drought (positive relationship with xylem
embolism). On the contrary, when the relationship between
starch and xylem embolism was considered, the scenario was
the opposite, with Barbera displaying a significant negative rela-
tionship between starch and xylem embolism. Our data suggest
that only in Grenache the refilling model proposed by Secchi
and Zwieniecki (2016) was likely operating. In fact, in Grenache
embolism recovery was apparently coupled to sucrose levels,
which were directly correlated with the total NSC. In the above-
cited model, soluble NSCs were proposed to derive from starch
by the acid invertase pathway producing glucose and fruc-
tose (Pagliarani et al. 2019). Our data in Grenache confirm
a direct involvement of sucrose that probably derives from

the maltose/maltodextrin pool (representing soluble, ready-to-
use starch), rather than starch. The low content of maltose
in stressed and recovered Grenache plants also indicates that
sucrose production guaranteed from photosynthesis is limited
under such conditions. On the contrary, in Barbera it may be
hypothesized that embolism repair could occur with a differ-
ent mechanism, with starch hydrolyzed from stress to recovery
through the amylase pathway, producing maltose and then
increasing glucose which is consumed during recovery.

Indirect role of NSCs in xylem refilling by vessel size
reduction

The progressive reduction of vessel dimensions is a long-term
acclimation response to drought observed in many woody
plants, including grapevine (Lovisolo and Schubert 1998). This
response has been suggested to play a role in the mitiga-
tion of embolism-induced loss of hydraulic conductance risk
(Blackman et al. 2010, Jupa et al. 2021). Nevertheless, the time-
lapse of the present experiment was not long enough to allow



for the production of new xylem during or after drought stress,
as indeed observed in leaf petioles of grapevines subjected to
different water treatments by Falchi et al. (2020).

However, the recorded reduction in vessel diameter
observed in Barbera raises some interesting questions. This find-
ing, coupled to the lack of a relationship of sucrose with xylem
embolism and to the increase in maltose/maltodextrins during
the recovery phase, may suggest the presence in this cultivar of a
refilling mechanism different from the one proposed by Secchi
and Zwieniecki (2016). Maltodextrins are water-soluble short-
chain carbohydrate polymers produced by the breakdown of
starch (Beck and Ziegler 1989), which are known to form highly
hygroscopic aqueous gels (Kennedy et al. 1995, Chronakis 1998,
Loret 2004), also in combination with pectin (Evageliou 2000).
We speculate that, during recovery, maltodextrins could be
transferred into the apoplast, soaking xylem vessels. This could
lead to a change in the density of cell walls, detected by micro-
CT as a cell-wall swelling and leading to apparently reduced
diameter of conduit lumen. Consistently with such a spec
ulative hypothesis, gel formation has been already observed
in embolized vessels of grapevine (Jacobsen and Pratt 2012,
Pratt and Jacobsen 2018). Interestingly, the authors argued
that vessel occlusion by gels, differently from tyloses, could be
reversible and likely involved in the process of xylem refilling,
as also hypothesized by Sun et al. (2008), where the matrices
of wound-induced vascular occlusions were demonstrated by
cytohistological analyses to be rich in pectin.

The interaction of pectin-hydrogels at the pit membrane
level with xylem sap cations has been suggested to be involved
in the modulation of xylem hydraulic resistance (Nardini et al.
2011b; Plavcova et al. 2011, Zwieniecki et al. 2001). This
hypothesis has been recently challenged (Kaack et al. 2019),
although the same study reported the presence of pectins
in the annulus of pit membranes, which could interact with
maltodextrins. An even more fascinating hypothesis involving

Barbera

Grenache

carbohydrate polymers in the control of vessel refilling, named
‘pit membrane osmosis, was proposed by Hacke and Sperry
(2003). Maltodextrins might be released into embolized ves-
sels, lowering ¥ and producing a hydrogel held in the cell
wall which, due to its polymerization with pectins, cannot
move across pits that would thus act as an osmotic ‘mem-
brane’ The hygroscopic capacity of maltodextrins accumu-
lated in the cell wall of embolized conduits might drive water
inflow from both neighboring parenchyma cells and water-
filled conduits, thus allowing reconnection to the transpiration
stream. Alternatively, modification of surface tension induced
by maltodextrins might favor hydraulicisolation of refilling con-
duits, via the interaction with pit membrane features, making
a possible local generation of positive pressure via osmotic
mechanisms, while the bulk of still water-filled conduits are
under residual negative pressure (Zwieniecki and Holbrook
2000).

In conclusion, our results showed that 1-year-old cuttings
of V. vinifera can recover from xylem embolism under moder-
ate residual tension, through an active refilling process likely
mediated by soluble NSCs in a direct (Grenache) or indirect
(Barbera) way (Fig. 7). In the model proposed for Grenache,
starch does not undergo any significant decrease (as observed
for maltose), but the total soluble NSC content (in particular
sucrose) is directly correlated with the degree of embolism, con-
sistent with the hypothesis proposed by Secchi and Zwieniecki
(2016), in which sugar accumulation in the xylem sap is neces-
sary to generate a local positive pressure forcing water in the
embolized vessels. On the other hand, in Barbera the increase
of maltose and maltodextrins parallels a decrease in starch. We
suggest the possible formation of cell-wall pectin-hydrogel, due
to maltose/maltodextrins accumulation deriving from starch
degradation, that could act as a hygroscopic sponge unable
to move through pits but drawing water from neighboring
parenchyma cells.

Soluble NSC pool

Fig. 7 The proposed model of the alternative pathways involved in embolism recovery for Barbera and Grenache. Barbera responded to drought
by converting starch to maltose, producing a hydrogel effect leading to an apparent decrease in vessel diameter; Grenache increased sucrose
concentration without a parallel reduction in starch and promoting recovery by refilling likely osmotic mechanism.



Material and Methods

Plant material and growth conditions

One-year-old cuttings of grapevine (Vitis vinifera L.) cv. Barbera and Grenache
(VCR 207 and VCR3 clones, respectively), both grafted on 15-cm-long SO4 root-
stock, were provided by Vivai Cooperativi Rauscedo (VCR) (Rauscedo, Italy).
In late May 2019, cuttings were planted in 1-1 pots filled with field-sieved soil
supplemented with 10% perlite and randomly allocated in a growth chamber
at the University of Udine (ltaly) (mean temperature 22°C, light:dark photope-
riod 12:12 h, artificial photosynthetic photon flux density of 92 umols™ m=2,
relative humidity ca. 40%). Plants were irrigated to field capacity every 1-3d,
until early September, when the experiment started. When used at the micro-
CT beamline, plants of both cultivars showed similar sizes, compatible with the
sample holder.

Experimental design

The experimental treatments were applied in early September 2019. At the
beginning of the experiment, seven plants per cultivar were kept as controls and
daily irrigated for the whole duration of experiment (W, well-watered), while 14
plants per cultivar were subjected to drought stress by suspending irrigation
for 6d (S, water stress). At the end of the drought period, half of the stressed
plants were rewatered to field capacity (R, water stress treatment followed by
recovery) and allowed to recover >48 h (Supplementary Fig. S4).

Measurements of stomatal conductance and stem
water potential

Stomatal conductance (g;) was measured to assess the hydraulic behavior of the
two cultivars under drought on fully expanded leaves using a portable infrared
gas analyzer (ADC-LCPro+ system, The Analytical Development Company Ltd.,
Hoddesdon, UK). Measurements were performed using a 6.25-cm? leaf cham-
ber equipped with artificial irradiation (1,200 pmol photon m=2 s7"), set with a
chamber temperature of 25°C to avoid overheating. The g, was monitored in
the morning (between 10:00 am and 12:00 pm) during the whole duration of
drought experiment, in parallel with stem water potential measurements.

Stem water potential (¥ ,,) was measured on fully expanded non-
transpiring leaves. Prior to measurements, leaves were placed in humidified
aluminum foil-wrapped plastic bags for 20 min before excision. After excision,
leaves were allowed to equilibrate for an additional 15 min, and water poten-
tial was measured using a Scholander-type pressure chamber (Soil Moisture
Equipment Corp., Santa Barbara, CA, USA).

To evaluate the water status of cuttings during experiments performed at
the synchrotron, predawn leaf water potential (¥ ,4) was measured on the sec-
ond fully expanded leaf of each plant. Leaves were bagged immediately before
measurement, and they were excised from the shoot using a sharp blade. Leaves
were placed into a pump-up pressure chamber (PMS Instrument Company,
Albany, OR, USA), and \Ilpd was recorded when the initial xylem sap emerged
from the cut end of the petiole.

X-ray micro-CT observations

All control, stressed and recovered plants of each cultivar were ana-
lyzed via micro-CT at the Elettra synchrotron radiation source (Trieste,
Italy), using the phase contrast facility available at the SYRMEP beamline
(www.elettra.trieste.it). Plants were transported from the growth chamber
to the micro-CT station one night before the start of analysis and kept in
the dark.

To reduce sample movement during the scan rotation, each plant was
removed from the pot, root and soil were secured in a plastic bag and the whole
plant was wrapped in plastic film and secured to a wooden axis fixed to the
beamline sample holder such that stem distance was 12 cm from the detector.
Grapevine stem was observed at the second to fourth node from the rootstock
using a pixel size of 2.9 um at a mean energy of 22 keV, with 1,800 projections

acquired during the sample rotation >180°. Scans were performed in free propa-
gation phase contrast modality with an exposure time of 100 ms. In total, seven
plants per treatment and cultivar were scanned, and each plant was scanned
only once to avoid possible damage to living cells (Petruzzellis et al. 2018). After
scanning, each stem of recovered samples was excised under the rootstock junc-
tion point by a razor blade, and the occurrence of water droplets on the surface
was carefully observed under a 20x magnification lens in order to exclude xylem
sap exudation under root positive pressure (Wegner 2014). The micro-CT slices
were reconstructed by applying a phase retrieval pre-processing filter (Paganin
et al. 2002), before the use of the conventional filtered back-projection algo-
rithm implemented in the SYRMEP TOMOPROJECT software (Brun et al. 2015).
One central slice per sample was selected and analyzed by means of the Fiji
software (Schindelin et al. 2012). For each sample, the transverse areas of all
gas-filled (dark gray) and water-filled (light gray) xylem conduits were mea-
sured. The embolism rate (as a proxy of percentage loss in conductivity, PLC)
was calculated as the percentage of the transversal area of embolized xylem
conduits with respect to the total xylem conduit area. It must be noted that
these values estimated on the basis of 2D images could differ from the actual
sample hydraulic conductivity, especially when comparing different varieties
and species (Pratt et al. 2020). Hence, PLC values reported in this study should
be considered only as proxies of the impact of embolism on plant hydraulic
properties.

NSC analysis

NSC content was measured on the same samples used for X-ray micro-CT
observations. After the scan, a 4-cm stem segment was collected just above
the scanned portion and microwaved at 700 W for 3 min in a water-saturated
atmosphere to stop enzymatic activities. Samples were then ground into fine
powder in a mortar under liquid nitrogen and oven dried at 56°C for 24 h.
Then, 15+ 1 mg of powder was suspended in 0.3 ml ethanol 80% (v/v) twice
and incubated at 80°C for 30 min, and then the resulting supernatant dried at
60°C overnight. A third suspension was made with 0.5 ml of 50 mM Tris-HCI
pH 7.5 and used to resuspend the crystalized carbohydrates resulting from the
previous steps. The supernatants obtained after incubation at 80°C for 30 min
and a 14,000 x g centrifugation for 5 min were used for soluble NSC measure-
ment, while the pellet was resuspended in 1 ml of sodium acetate buffer (0.2 M
NaCH;COO, pH 4.6) and used for starch quantification. The total soluble NSC
fraction was quantified by a VICTOR3 Multilabel Counter Plate Reader (Perkin
Elmer, Boston, MA, USA) by means of the anthrone-sulfuric acid assay (Yemm
and Willis 1954). A glucose standard curve was used to compare the colorimet-
ric response of the samples, whose absorbance was read at 620 nm, and the NSC
content was expressed as mg (glucose) g~' (DW).

Glucose was analyzed by enzymatic hexokinase/glucose-6-P dehydrogenase
assay (Landhausser et al. 2018), sucrose and maltose/maltodextrins, followed
the same process, after conversion into glucose by 25 U invertase or 25 U amy-
loglucosidase for the latter sugars, respectively. Starch digestion was performed
overnight at 55°C, using 100 U of ai-amylase and 25 U of amyloglucosidase per
sample. To prevent further degradation, the samples were boiled for 3 min.
The starch fraction was quantified by means of enzymatic assay, as previously
mentioned. Known amounts of amylose were also processed and analyzed to
obtain a calibration curve. The final concentration of starch in the sample was
then expressed as mg (starch) g~! (DW). All the chemicals were purchased from
Sigma-Aldrich, Milan, Italy.

The portion of water-soluble starch (Landhausser et al. 2018), derived from
starch degradation, represents maltose and short-chain carbohydrate polymers
identified as maltodextrins.

Statistical analyses

All the statistical analyses were performed in R statistical software (R Core Team
2021). The effect of the different treatments, cultivars and their interaction
was tested separately for each parameter using two-way analysis of variance
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(ANOVA) analysis through the ‘anova’ function in the ‘stats’ R package. The
relationships between NSC content (i.e. glucose, sucrose, maltose/maltodex-
trins and starch), ¥4 and embolism rate in the two cultivars were tested
using linear models. It should be noted that the relationship between W 4
and embolism percentage is not a classical vulnerability curve, which should
be based on the relationship between PLC and minimum daily water potential
experienced by the plants and is generally approximated by a sigmoidal func-
tion. Model assumptions (i.e. normality and homoscedasticity) were checked
by the diagnostic plot of residuals. Logarithmic transformation was used where
the assumptions of normality and homoscedasticity were not satisfied. Outlier
records were detected by the function ‘outlier Test’ of the ‘car’ package (Fox and
Weisberg 2019) and removed from analysis (where P < 0.01). For significant tests
(ax =0.05), Tukey's honestly significant differences post hoc analysis was carried
out through the ‘TukeyHSD’ function in the ‘stats’ R package. Xylem conduit size
distribution was compared within each cultivar, between treatments. The xylem
conduit distribution was represented by density plots. Paired differences in con-
duit size distribution were tested by the two-sample Kolmogorov-Smirnov test
(P<0.05).

Data Availability

The relevant data is available in the public Mendeley Data repos-
itory with doi:10.17632/cjdzvnp9px.1 (Vuerich et al,, 2023).
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