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Abstract

The main parameters determining photosynthesis are stomatal and mesophyll con-
ductance and electron transport rate, and for hydraulic dynamics they are leaf
hydraulic conductance and the spread of embolism. These parameters have
scarcely been studied in desiccation-tolerant (resurrection) plants exposed to
drought. Here, we characterized photosynthesis and hydraulics during desiccation
and rehydration in a poikilochlorophyllous resurrection plant, Barbacenia purpurea
(Velloziaceae). Gas exchange, chlorophyll fluorescence, and leaf water status were
monitored along the whole dehydration-rehydration cycle. Simultaneously, embo-
lism formation and hydraulic functioning recovery were measured at leaf level
using micro-computed tomography imaging. Photosynthesis and leaf hydraulic
conductance ceased at relatively high water potential (—1.28 and —1.54 MPa,
respectively), whereas the onset of leaf embolism occurred after stomatal closure
and photosynthesis cessation (<—1.61 MPa). This sequence of physiological pro-
cesses during water stress may be associated with the need to delay dehydration,
to prepare the molecular changes required in the desiccated state. Complete rehy-
dration occurred rapidly in the mesophyll, whereas partial xylem refilling, and sub-
sequent recovery of photosynthesis, occurred at later stages after rewatering.
These results highlight the importance of stomata as safety valves to protect the
vascular system from embolism, even in a plant able to fully recover after com-

plete embolism.
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1 | INTRODUCTION

Desiccation-tolerant or “resurrection” plants are a distinct group of
species that are able to tolerate and recover from extreme water loss
in their vegetative tissues. Desiccation tolerance in these species is
defined as the capacity to survive drying to a water potential (¥) of
approximately —100 MPa, equivalent to achieving equilibrium with a
relative air humidity of 50% at 20°C (Alpert, 2005). These conditions
result in a leaf water content of approximately 0.1 g g~%, and a rela-
tive water content (RWC) below 10% (Alpert, 2005). Desiccation tol-
erance is widespread among bryophytes (Oliver et al., 2005;
Wood, 2007), and it has evolved independently several times among
vascular plants (Gaff & Oliver, 2013; Oliver et al., 2000): there are
about 140 angiosperm species described as desiccation-tolerant (Fu
et al., 2022; Gaff & Oliver, 2013), and a larger number of about >200
ferns (Porembski, 2011). The mechanisms of desiccation tolerance
include sugar and late embryogenesis abundant proteins (LEAs) accu-
mulation, antioxidant activity, leaf and cell wall folding, cytosol vitrifi-
cation, and vacuole fragmentation, among others (see Oliver
et al., 2020). The most derived type of desiccation tolerance is found
in poikilochlorophyllous resurrection plants, which dismantle chloro-
phyll together with chloroplasts and their photosynthetic machinery
in the desiccated state and resynthesize it upon rehydration
(Fernandez-Marin et al., 2016). This extreme mechanism allows them
to survive for extended periods of about 5-10 months in the com-
plete absence of water, with minimum oxidative damage (Tuba, 2008).
On the contrary, homoiochlorophyllous resurrection plants retain and
mask chlorophyll in the desiccated state (Oliver et al., 2020).
Photosynthesis is a relatively sensitive process to water stress.
Hsiao et al. (1976) already reported that CO, uptake was limited at
leaf water potentials between —1 and —2 MPa, well above the —4 to
—5 Mpa considered as lethal for leaves in the majority of desiccation-
sensitive species (Lens et al., 2022; Oliver et al., 2020). In terms of rel-
ative water content (RWC), full cessation of net CO, assimilation (A,)
and stomatal conductance (gs) has been reported in the 98%-50%
range among vascular plants (Perera-Castro et al., 2020; Trueba
et al., 2019), being much higher than the values reported for triggering
most mechanisms associated with desiccation tolerance (~30% RWC;
Farrant & Moore, 2011). Photosynthesis decline under water stress is
driven by a combination of diffusion and biochemical constraints
(Chaves et al., 2009; Flexas et al., 2004; Nadal & Flexas, 2019). CO,
diffusion limitations include reduction of g5 due to stomatal closure
upon dehydration and decreases in mesophyll conductance (g.,),
where the latter comprises the CO, diffusion path from the sub-
stomatal chamber to the sites of carboxylation in the chloroplasts
(Evans et al., 2009; Flexas et al., 2008; Nadal & Flexas, 2018). Bio-
chemical and photochemical limitations to photosynthesis, which
include the electron transport rate (Jg,) in the thylakoids, the maxi-
mum carboxylation rate by Rubisco (V¢ max), and RuBP regeneration
in the Calvin cycle (Gago et al.,, 2019), occur under prolonged
water stress (Galmés et al., 2007; Galmés et al.,, 2011). Leaf
hydraulic conductance (Keas) also influences photosynthesis

decline as concomitant K., and transpiration reduction during

water stress directly influence turgor pressure, leading to gs
decline (Rodriguez-Dominguez et al., 2016; Wang et al., 2018).

One of the main causes of Ke.s decline under drought is the for-
mation of embolisms in the xylem conduits. Thus, when tensions in
the xylem exceed a critical threshold, air enters into the conduit
lumen. If embolism events become massive, the water transport
through the leaf can be blocked due to hydraulic disfunction. To delay
such embolism formation and fatal dehydration for the surrounding
tissues (Brodribb et al., 2021; Mantova et al., 2022), plants close their
stomata to reduce water losses at the cost of reducing their carbon
assimilation. In fact, recent studies have shown how stomatal closure
occurs before, that is, at higher water potentials, than the onset of leaf
embolism (Corso et al, 2020; Creek et al, 2020; Hochberg
et al., 2017; Skelton et al., 2017). Therefore, the safety margin, that is,
the difference in water potential between stomatal closure and embo-
lism, is a key trait in drought tolerance (Chen et al., 2019; Creek
et al., 2020; Martin-StPaul et al., 2017). However, other studies indi-
cate that embolism is partially responsible for stomatal closure and
that an overlap exists between g, decline and xylem loss of conductiv-
ity along the ¥ gradient (Bartlett et al., 2016; Savi et al., 2016; Torres-
Ruiz et al., 2015a; Trifilo et al., 2015; Zufferey et al., 2011). In this
sense, given the ability of resurrection plants to recover after exten-
sive water loss, they provide an intriguing system to test the coordina-
tion between stomatal response and embolism spread in leaves. Most
notably, Prats and Brodersen (2021) reported a decoupling between
photosynthesis and water transport in the leaf of the resurrection fern
Pleopeltis polypodioides, where photosynthesis declined by only half
just after complete embolism of the stipe xylem.

Few studies have investigated the dynamics of the hydraulic sys-
tem of resurrection plants during dehydration and rehydration. Sher-
win et al. (1998) described the embolism events using the acoustic
technique in the stem of the only known woody resurrection plant,
Myrothamnus flabellifolius, and showed that its vessels remained
completely embolised in the desiccated state. Leaves and stems in
M. flabellifolius lost water at a similar water potential when the bulk of
embolism events occurred, suggesting that plants do not “prevent”
extensive embolisms and use all available water during desiccation
(Sherwin et al., 1998). The hydraulic functioning dynamics of the
xylem have been characterized using X-ray micro-computed tomogra-
phy (microCT), a non-invasive technique for quantifying xylem embo-
lism in intact plants (Choat et al., 2016; Torres-Ruiz et al., 2015b). In
petioles of the desiccation-tolerant fern Pentagramma triangularis
(Holmlund et al., 2019), x-ray images showed how tracheid embolism
occurred prior to dehydration of the accompanying living tissues
within the vascular cylinder. Studies in these species have also pro-
vided some mechanisms for xylem refilling during rehydration: both
positive root pressure and capillary ascension of water have been sug-
gested to play a significant role in the rehydration of the vascular sys-
tem (Schneider et al,, 2000; Sherwin et al., 1998), and possibly a
distinct cell wall composition enhances the wettability of the desic-
cated tissue (Holmlund et al., 2019). Recently, Prats and Brodersen
(2021) explored the coordination of xylem embolism refilling using

microCT and photosynthesis in the resurrection fern P. polypodioides,
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showing that full embolism repair in the stipe was not required for
photosynthesis recovery. To date, only Fu et al. (2022) have simulta-
neously characterized photosynthesis and water relation dynamics
during both dehydration and rehydration in the resurrection angio-
sperm Paraboea rufescens. Notably, they found that leaf gas exchange
recovered at a slower rate than water status during rehydration
(McAdam & Brodribb, 2012).

Barbacenia purpurea Hooker (Velloziacaeae, Monocot) is a poikilo-
chlorophyllous resurrection plant from tropical and subtropical forests
in Brazil, which inhabits rocky outcrops exposed to frequent drought
periods (Meireles et al., 1997). The gas exchange, molecular, metabo-
lomic, and cell wall response of B. purpurea has been characterized in
response to water stress and recovery (Aidar et al., 2010, 2014;
Suguiyama et al., 2014, 2016), and hence this species is a good model
to explore the photosynthetic and hydraulic response in a resurrection
plant.

In this study, we characterized the photosynthetic parameters,
Kiear, @and embolism dynamics along a dehydration and rehydration
cycle in B. purpurea. The main objectives were (1) to determine the
sequence of physiological events like stomatal closure, photosynthesis
shutdown, and embolism formation during desiccation in B. purpurea
and (2) to explore the dynamics of recovery of xylem hydraulic func-
tion and photosynthesis during rehydration. We hypothesized that
(1) even in the poikilochlorophyllous resurrection plant B. purpurea,
stomatal closure would occur prior to the formation of embolisms in
the xylem conduits and (2) the rate of leaf gas exchange recovery dur-
ing rehydration would be hindered by a combination of chlorophyll
re-synthesis and hydraulic recovery, unlike the previous reports of
rapid photosynthesis recovery in resurrection ferns by Prats and
Brodersen (2021).

2 | MATERIALS AND METHODS

Barbacenia purpurea plants were grown from seeds under glasshouse
and natural irradiance conditions in the Universitat de les llles Balears
(Mallorca, Spain) in 2 | pots containing a 1:2 mixture of horticultural
substrate and perlite for one year. Plants were kept well-irrigated and
watered weekly with half-strength Hoagland's solution (Hoagland &
Arnon, 1950). Two weeks prior to the beginning of the experiment,
plants were transferred to a growth chamber at 25/20°C of day/night
temperature and a photoperiod of 12/12 h with a photosynthetic
photon flux density of ~400 pmol m~2 s~L. For the characterization
of the gas exchange, chlorophyll fluorescence, and leaf hydraulic con-
ductance dynamics, a water stress treatment was imposed by with-
holding water for three weeks, the amount of time required to ensure
that the desiccated state was induced in all plants. Then, plants
were rehydrated repeating the pre-drought irrigation scheme and
monitored for 1 week for recovery. Ten different individuals were
used for all measurements along the dehydration and rehydration
cycle to minimize damaging effects of leaf water status monitoring.
Another subset of six plants was used for the embolism vulnerability

characterization. These plants were grown under the same conditions

as the aforementioned individuals and sent via express shipping
(1-day travel) to the SOLEIL synchrotron (France) for x-ray micro-

computed tomography (micro-CT) measurements.

2.1 | Gas exchange and photosynthesis
An open gas exchange system with a coupled fluorescence chamber
of 2 cm? (LI-6400XT; LI-COR Inc.) was used to perform daily instanta-
neous measurements of gas exchange and chlorophyll fluorescence in
leaves from 4 to 10 plants along the dehydration and rehydration
cycle. Corrections for the leakage of CO, into and out of the LI-6400
chamber were applied to gas-exchange data following Flexas et al.
(2007). Net CO, assimilation (A,), transpiration rate |, stomatal con-
ductance to water vapor (gs,), and photochemical yield of photosys-
tem Il (®ps) were recorded after reaching steady-state conditions
(5-10 min) at ambient CO, (400 umol mol™%), saturating photo-
synthetic photon flux density (PPFD; 1250 pmol m~2s~%), ambient
relative humidity (50-70%) and 25°C block temperature. All g,
values were corrected for residual conductance to water vapor (gyes)
as in Théroux Rancourt et al. (2015) to calculate stomatal conductance
to CO, (gso) and substomatal CO, concentration (C)). gr.s Was mea-
sured in six detached leaves subjected to dehydration in the lab at a
controlled temperature (25°C) following Sack and Scoffoni (2011). At
2-3 day intervals along the dehydration and rehydration cycle, light
curves were performed under non-photorespiratory conditions
(O, < 2%) to obtain estimations of mitochondrial respiration in the light
(R) and the fraction of PPFD harvested by PSII (s) following the proce-
dures described in Bellasio et al. (2016). The electron transport rate
measured from chlorophyll fluorescence (Jg,) was calculated for instan-
taneous measurements as Jg, = PPFD - s - ®pg) (Bellasio et al., 2016).
Mesophyll conductance to CO5 (g;,) was estimated from instantaneous
measurements using the variable J method (Harley et al., 1992)
where g = A/(G - T* - Ugy + 8 - (An + R)/ Uy - 4 - (An + R))). The
CO, compensation point in the absence of respiration (I'*) was esti-
mated from the combination of the A/C; curves performed under ambi-
ent and low O, in well-watered plants as described in Bellasio et al.
(2016). The mean value of I'* obtained under well-watered conditions
was used for all the dehydration and rehydration measurements as
in vivo methods are prone to artifacts under water stress (Galmés
et al., 2006).

Additionally, the maximum yield of PSIl (F,/F.) was measured
daily in 1-h dark-acclimated leaves from 4 to 6 plants using a Junior-
PAM fluorimeter (Heinz Walz GmbH).

2.2 | Water status

Plant water status was monitored by measuring leaf water potential at
predawn (¥,q) and stem (Wstem) and leaf (Wjeor) water potential at mid-
day every 2 days during water stress and every day during recovery.
Due to the limited number of leaves per individual, each water poten-

tial was measured in 4-8 leaves from different plants every time using
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a Scholander pressure chamber (Model 600D; PMS Instrument
Company). Wsiem Was measured from equilibrated leaves covered for
2 h prior to sampling at midday. Relative water content (RWC) and
¥\..f Were measured after instantaneous gas exchange measurements
in the same leaves. Quickly after the gas exchange, leaves were
excised, equilibrated for 10-15 min in the dark with sealed plastic
bags under high humidity conditions, measured for water potential,
and subsequently weighted and rehydrated overnight for obtaining
the fresh (FW) and turgid weights (TW), respectively. Dry weight
(DW) was then determined after at least 72 h at 70°C. RWC was
calculated as RWC = (FW-DW)/(TW-DW) x 100. In addition, soil
water content was tracked daily using a humidity probe (WET-2
Sensor/HH2 Moisture Meter, Delta-T Devices).

2.3 | Hydraulic conductance

Leaf hydraulic conductance (Kear) Was calculated from instantaneous
gas exchange and water status measurements performed along the
dehydration and rehydration cycle using the in vivo evaporative flux
method (Tsuda & Tyree, 2000), where Kicat = E/(Pstem—Plear): Pstem
and W\.,; were measured in the same individual, and E was taken from
LI-6400XT measurements. Measured E was assumed as representative
of whole-leaf E (Théroux Rancourt et al., 2015). To confirm the reliabil-
ity of in vivo K. measurements in attached leaves, K,s Was also mea-
sured with the evaporative flux method in excised leaves (n = 24)
subjected to saturating photosynthetic photon flux density
(PPFD > 1250 pmol m~2 s %) and to different degrees of dehydration
from well-watered individuals as described in Sack and Scoffoni (2012).
Briefly, leaves were connected through a sealed tube to sonicated dis-
tilled water, and whole-leaf E under saturating light was determined

gravimetrically in a well-ventilated room at 25°C. Final W, was

measured with the pressure chamber after a 10-15 min. equilibration.

2.4 | Direct visualization of embolism spread using
Xx-ray microCT

The direct, non-invasive visualization of xylem embolism of
B. purpurea was performed using the High-Resolution X-ray microCT
facility available in the PSICHE beamline of the synchrotron SOLEIL
(Saclay, France; King et al., 2016). Six well-watered potted plants were
allowed to progressively dehydrate for 1 week by withholding the irri-
gation right before the experiment. During dehydration, two to three
leaves per plant were scanned at different times (one to three days
apart) in order to have a range of different water potentials. Scans
were performed on leaves that were attached to the rest of the plant,
that is, not in excised leaves. The resolution of each scan was
0.87 um® and samples were scanned using a high flux (3.1011 pho-
tons mm~1) 25-keV monochromatic x-ray beam and a continuous
rotation from 0° to 180°. X-ray projections were collected with a
50 ms exposure time during rotation and recorded with an Orca-flash
sCMOS camera (Hamamatsu Photonics K.K.) equipped with a
250 pm-thick LUAG scintillator. The total scan time was about 3 min
and resulted in a stack of 752 to 1024 TIFF image slices over 0.9 mm
along the plant organ. Tomographic reconstructions were performed
using the Paganin method (Paganin et al., 2002) in the PyHST2 soft-
ware (Mirone et al., 2014) and resulted in 32-bit volume images. Right
after the first scan, a second scan was performed for each leaf after
cutting it in the air right above the scanned area, inducing air entry in
the remaining functional vessels (Torres-Ruiz et al., 2015b) and there-
fore 100% of embolized vessels in the area (final cut). Leaf water
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FIGURE 1

Pot and plant water status along the dehydration and rehydration cycle. (A) pot soil water content, (B) predawn water potential

(Wpa, closed circles), leaf water potential at midday (¥\e.f, open circles), and leaf relative water content (RWC, closed triangles). The “R” followed
by a number on the x-axis represents the day after rehydration. Extreme dehydration after day 16 caused the leaf water potential to fall beyond
the range of the pressure chamber (<—4 MPa). Symbols and error bars are means of 4-8 replicates + SE. The dashed blue line indicates the day of

rewatering for recovery (day 21).
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potential was directly measured in the excised leaf portion (ca. 15-cm
long) immediately after the cut with a Scholander pressure chamber
(Model 1000, PMS Instrument, OR, and SAM Precis). At the end of
the experiment, five out of the six measured plants were rehydrated
to evaluate the first stages of recovery (4-16 h after rewatering). Sim-
ilar scans as those explained above were carried out to check for the
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recovery of the hydraulic functioning. Overall, four to six leaves per
plant were scanned during the whole dehydration and rehydration
cycle and no leaf was scanned twice. For each leaf, the amount of
embolized vessels was quantified by calculating the theoretical
hydraulic conductivity of a whole scanned cross section (k,") by
determining the individual area and diameter of functional and
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FIGURE 2 Photosynthesis response along the dehydration and rehydration cycle. (A) net CO, assimilation (A,), (B) stomatal conductance to
CO5 (gs0), (C) electron transport rate (Jg,), (D) mesophyll conductance to CO, diffusion (gy,,), (E) maximum yield of PSII (F,/F), (F) leaf hydraulic
conductance (Kieaf). The “R” followed by a number on the x-axis represents the day after rehydration. Photosynthesis cessation did not allow for
adequate measurement of Jg, and g;,, during the later stages of dehydration. Circles and error bars are means of 4-10 replicates + SE. The dashed

blue line indicates the day of recovery (day 21).
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embolised vessels using Image) software (Schneider et al., 2012).
Thus, k" (kg s=* MPa~?) of air-filled vessels of each intact leaf was
calculated as k™ = = m D*/128 n, where D is the diameter of the ves-
sels (m) and n is the water viscosity (1.002 x 1072 Pa's at 20°C). The
theoretical percentage loss of the theoretical hydraulic conductivity
(PLC) was then determined as PLC = 100 (ky,"/k, ™), where k;,f M
represents the theoretical hydraulic conductivity of all functional ves-
sels as based on a cross section after the final cut.

2.5 | Pressure-Volume curves

Pressure-Volume (P-V) curves were performed following the bench-dry
method (Sack & Pasquet-Kok, 2011) for six leaves from well-watered
plants to determine the osmotic potential and relative water content at

turgor loss point (rty, and RWCy,, respectively). Briefly, leaves were

FIGURE 3

collected at predawn (initial Weas = 0.12 £ 0.02 MPa) and dehydrated
in the lab, being alternatively weighted and measured for water poten-
tial until a complete P-V curve with at least 12 points was obtained. No
oversaturation or “plateau” effect (Sack & Pasquet-Kok, 2011) was
observed in any case. The identification of the turgor loss point was
established considering the highest R? of a linear fit for the linear por-
tion of the —1/W|e4f vs. 1-RWC relationship.

2.6 | Statistical analysis

The relationships between the studied parameters and Wi, were
fitted using either linear, exponential, or sigmoidal models (Trueba
et al., 2019) and the Akaike Information Criteria (AIC) was applied to
select the most appropriate model. In almost all cases, the sigmoidal

model presented the lowest AIC. The Weibull model, a variation of the

‘Pleaf (_M Pa)

Leaf embolism during dehydration. (A-C) Representative x-ray microCT images of dehydrating leaves (leaf water potential, ¥ eyr, is

indicated for each image). (D) Light micrograph of a cross-section of a vascular bundle from a well-watered leaf; anatomical sample of B. purpurea
from Nadal et al. (2021a). (E) Detail of vascular bundles from different leaves (¥4 is indicated for each image). Embolism of major vessels is
indicated with red arrows, and of minor vessels with yellow arrows. (F) Hydraulic vulnerability curve represented as percentage loss of hydraulic
conductivity (PLC) calculated using theoretical hydraulic conductivity (k,t") from microCT images. Data were fitted using the Weibull model; the
gray shaded area represents the 95% bootstrapped confidence interval; the red solid line is the Psg (—2.15 MPa), and the dashed lines are its
corresponding 95% confidence interval (1.73, 2.58). Calculated P15 and Pgg are —1.61 and —2.60 MPa, respectively (see Table S1 for details).
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FIGURE 4 Relationships of photosynthesis and hydraulics with leaf water potential and relative water content. Circles represent individual
leaves during dehydration (closed circles) and recovery (open circles). Lines denote significant (p < 0.05) fits for water stress (continuous;
sigmoidal fitting) and recovery (dashed; linear fitting). Water potential at midday (¥ c.s) and relative water content (RWC) related to: (A,B) net CO,
assimilation (A,), (C,D) stomatal conductance to CO, (gs.), (E,F) electron transport rate (Js.), (G,H) mesophyll conductance to CO5 (g.), (1,J) leaf
hydraulic conductance (Kieof) measured in attached leaves, and (K,L) maximum yield of PSII (F,/F.,), exponential fit for water stress; blue arrows
indicate data point corresponding to the first day of recovery (12-24 h).
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sigmoidal fitting, was used for PLC following Duursma and Choat
(2017). The Y5 at which 12%, 50%, and 88% of PLC occurred (P;,,
P50, and Pgg, respectively) was calculated by pooling together the data
from the different plants. The W\os and RWC at which 12%, 50%, and
88% decline occurred for Ay, Jayu, 8s» Sm» Kiear, and F,/Fy, were calculated
as described for PLC. All analyses were performed using the R statistical
software (R Core Team, 2022). For non-linear fittings, the functions nls
() and SSlogis() from the “stats” package were used. Confidence inter-
vals for non-linear fittings were calculated using the fitplc() and fitcond()
functions from the “fitplc” package (Duursma & Choat, 2017) and the
predictNLS() function from the “propagate” package (Spiess, 2018).

3 | RESULTS
3.1 | Plantdehydration dynamics

Water deprivation led to a steep decrease in pot soil water content
from an initial 32% to approximately 0% in 12 days (Figure 1A).

Decreasing soil moisture imposed a reduction in predawn and midday
leaf water potential (¥pq and Wieaf, respectively) and relative water
content (RWC) on the 9th day of watering withholding (Figure 1B). As
soil water content approached zero, the decrease in water status
became more acute, with plants presenting W..s < —2 MPa and
RWC < 80% by the 13th day. All stressed plants reached the desic-
cated state (RWC < 10%) by the 19th day.

Most gas exchange parameters followed a similar pattern to that of
the water potential and RWC, as leaves showed a decrease in net
assimilation (A,), electron transport rate (Jp,), stomatal conductance to
CO5, (8s0), and mesophyll conductance to CO, (g,,) by the 8-9th day after
water deprivation (Figure 2A-D). A, and gs. reached values near O by
the 12th day (Figure 2A,B). Cessation and recuperation of photosynthe-
sis were immediately followed by the decrease and recovery of F,/F,
(Figure 2E). Similar to photosynthetic parameters, leaf hydraulic conduc-
tance (Kjeor) declined during the second week of water stress (Figure 2F).
Kiear assessed with the evaporative flux method in vivo and in excised
leaves vyielded comparable values under well-watered conditions
(9.85 + 1.59 and 10.91 + 1.99 mmol m~2 s~ MPa™1, respectively).

100 " . -
75 - \ N \\\
<
o)
o 504
€
o
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o
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0 1 2 3
Wieat (-MPa)
FIGURE 5 Sequence of events during leaf dehydration. Photosynthesis and hydraulic parameters are expressed as relative change in each

parameter along with decreasing leaf water potential (¥\c.¢). The included parameters are net CO, assimilation (A,; solid red line), electron
transport rate (Jp,; dashed red line), stomatal conductance (gs; solid orange line), mesophyll conductance to CO, (g;,; dashed orange line), leaf
hydraulic conductance measured in vivo with the evaporative flux method (Kie.s; dashed blue line), percentage loss of hydraulic conductivity
calculated using theoretical hydraulic conductivity (k™) from microCT images (PLC; solid blue line), and maximum yield of PSII (F,/F.; solid green
line). The curves correspond to the sigmoidal fittings for each parameter shown in Figure 4. Vertical lines indicate the W5 at which a given
parameter declines by 50% (Pso corresponds to PLC at 50% decline). The black vertical line indicates the turgor loss point (ryp). The upper images
show B. purpurea plants at different stages of water stress: well-watered conditions (left), turgor loss point and gas exchange cessation (middle),
and desiccated state when chlorophyll is lost and RWC reaches ~10% (right).
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(5)] —3.81 MPa, 4 h

FIGURE 6

Leaf rehydration dynamics from x-ray microCT images. (A-D) Four representative leaves are shown at 4-16 h after rewatering.

Each image includes the time since rewatering (hours) and the leaf water potential (¥\ca¢). Refilled major vessels are indicated with blue arrows,
and complete vascular bundle recovery (refilling of major and minor vessels) with a green arrow (only one bundle in C). (E) Detail of vascular
bundles from leaves displayed in (C) and (D). Note the complete embolism and leaf shrinkage in (A) and the beginning of parenchyma rehydration
and expansion in (B). (C) and (D) show how the parenchyma is fully hydrated, and mesophyll cells are completely expanded; however, vascular

refilling is partial, as some of the xylem vessels are still embolised.

Embolism events evaluated from microCT images were detected
from the onset of cavitation events to the full embolization of the
xylem (Figure 3). The first events of embolism (P;5) occurred at
—1.61 MPa and Psg and Pgg were reached at —2.15 and —2.60 MPa,
respectively (Table S1).

The response of photosynthetic parameters and K¢ against
Yot and RWC (Figure 4) drives the sequence of events leading
to photosynthesis and transpiration decline upon water stress
(Figure 5; Table S1). The 50% decline of Ay, Ssc, Gm» Jiu, and Kiear
occurred at considerably high values of W\e,¢ (—0.68 to —0.93 MPa).
For Kieaf, both attached and excised leaves showed a similar W\e,¢ at
50% decrease (—0.93 and — 0.81 MPa, respectively; Figures 4l and
S1). A,, 8s and g, reached 88% decline at slightly higher We.¢
(—1.16 to —1.28 MPa) than Jy, and Kiear (—1.54 MPa for both),
coinciding with ), (—1.10 £ 0.03 MPa). On the other hand, PLC
increased only after almost complete cessation of A, 3sc, Sm» Jfiur
and Kieat (Figure 5). The difference between the water potential at
88% g, decline (a proxy to stomatal closure) and P15 (the xylem
pressure at the onset of embolism) yielded a positive stomatal
safety margin of 0.43 MPa. F,/F, decrease is the last event of the
sequence, where F,/F, <0.50 occurred after full embolism at
approximately —3 MPa. When considering the sequence in terms of
RWC, the 88% decline in all photosynthesis parameters, Kie,s, and
the onset of embolism (P4,) occurred in the 85%-90% RWC range

(Table S1), after the RWCy, (92%), whereas F,/F,, remained high
(Fy/F > 0.5) until reaching 70% RWC (Figure 4L).

3.2 | Plant rehydration dynamics
The rehydration of the plants after 21 days of water deprivation led
to a rapid recovery from the desiccated state to control water status
values, and even higher in the case of ¥ |¢,¢ (—0.14 + 0.01 MPa), within
the first day of recovery (i.e., the first 24 h after rewatering;
Figure 1B). Gas exchange parameters also recovered within the first
few days after rewatering (Figure 2A-D). Thus, A, gs., and Jq, reached
control values on the 3rd day while g, recovered to initial values by
the 2nd day after rehydration, although it did not achieve its maxi-
mum until the 7th day (Figure 2D). Kca¢ reached the highest values on
the first day of recovery, 20.9 = 4.1 mmol H,0 m2s ! MPa?,
2-fold higher than initial well-watered plants, and strongly decreased
on the second day (Figure 2F). In the following days (3rd-7th), Kieat
experienced a gradual increase. Overall, all parameters reached similar
values to those prior to water stress 1 week after rewatering.

The dynamics of the partial recovery of the hydraulic functioning
can be observed in Figure 6. Leaf mesophyll fully rehydrated and
expanded (reaching W\, close to 0 MPa) within 9-16 h in some cases

(Figure 6C,D). However, at that stage, some of the vessels were still
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air-filled and approximately half of the observed vascular bundles

showed recovery in the central vessel (Figure 6C,D).

4 | DISCUSSION

B. purpurea showed a coordinated decline in photosynthesis function-
ing, stomatal conductance, and Kiea;, Which preceded leaf xylem
embolism. Notably, these events occurred prior to the dehydration
levels that trigger extensive desiccation-tolerant mechanisms reported
for this species (RWC of 50%-70%), such as starch mobilization and
chlorophyll degradation (Suguiyama et al., 2014, 2016). From the
microCT images during the first hours of recovery, we observed a rel-
atively rapid (9-16 h) rehydration of the leaf mesophyll but an incom-
plete refiling of the vascular bundles which, together with
photosystem reassembling, possibly limits the recovery of photosyn-

thesis in the first 1-2 days after rewatering.

4.1 | Photosynthesis dynamics under dehydration
Photosynthesis decline in B. purpurea during dehydration resulted
from a concomitant reduction in CO, availability driven by decreasing
gs and g, and photochemical limitations in the form of reduced Jy,.
These three factors declined simultaneously when leaves reached
—1 MPa, approximately (Figures 4 and 5). This combined decline
in CO, diffusion and photochemical quenching at relatively high
water content is a common response among desiccation-sensitive
species (Nadal & Flexas, 2019; Trueba et al., 2019). In other resur-
rection species, including the homoiochlorophyllous angiosperms
Ramonda myconi, Craterostigma plantagineum, and Haberlea rhodopen-
sis (Peeva & Cornic, 2009; Schwab et al, 1989), photosynthesis
decreases due to diffusion limitations instead of the shutdown of the
photosynthetic apparatus, although photoinhibition has been
observed in some cases (Rapparini et al., 2015). Chlorophyll degrada-
tion in poikilochlorophyllous plants occurs at the last stages of dehy-
dration, under severe stress (Fernandez-Marin et al., 2016). This is
also true for B. purpurea, where chlorophyll a and b degradation has
been reported long after photosynthesis cessation and RWC below
40% (Aidar et al., 2010; Suguiyama et al., 2014). Here, strong photo-
synthesis decrease (Pgg) occurred at —1.28 MPa (90% RWC), well
before chlorophyll degradation, which can be inferred from F,/F,,
decrease, which declined by 12% at —2.32 MPa and 91% RWC
(Table S1). Hence, the causes of photosynthesis shutdown in
B. purpurea are not driven by the desiccation tolerance mechanisms.
Overall, it appears that photosynthesis response to drought in
B. purpurea is similar to that of non-resurrection species.

The coupling of photosynthesis with the leaf hydraulic function-
ing has been scarcely reported for resurrection species, with only
some recent studies in resurrection ferns (Nadal et al., 2021b; Prats &
Brodersen, 2021) and a woody angiosperm (Fu et al., 2022). For
B. purpurea, concomitant to gs and g, decrease, Ki.;+ €xperienced a

similar reduction at the first stages of dehydration. A reduction in Kjea¢

leads to stomatal closure through reduced guard cell turgor
(Rodriguez-Dominguez et al., 2016) and is related to both g5 and g,
decline under water stress (Flexas et al., 2018; Wang et al., 2018). The
water pathway inside leaves can be decomposed into two compo-
nents, the xylem described by K,, and the outside-xylem (K,,) path-
ways, which together define Ki..; (see Xiong & Nadal, 2020 and
references therein). In B. purpurea, as Ki.s decline occurred prior to
the onset of leaf xylem embolism (Figure 5), most of the hydraulic
reduction could be attributed to the outside-xylem pathway conduc-
tance (K,y), which is more sensitive to dehydration (Trueba
et al., 2019), rather than xylem pathway conductance loss (K,). The
reduction in K,y has been attributed to leaf shrinkage and decreased
membrane conductivity (Scoffoni et al., 2014; Scoffoni et al., 2017).
As lipid composition of membranes changes in the desiccated state
and leaf shrinkage is a key feature among resurrection plants
(Fernandez-Marin et al., 2016), these species may constitute good

candidates to test the causes of K, decrease under dehydration.

4.2 | Embolism formation and coordination with

stomata

The observed dynamics in g5 and embolism formation during plant
dehydration demonstrate the occurrence of embolism only after sto-
matal closure in B. purpurea. This coincides with previous findings
from Aidar et al. (2010) reporting early stomatal closure in B. purpurea
before reaching the desiccated state, and the response of most
desiccation-sensitive species (Brodribb & McAdam, 2017; Creek
et al., 2020). In this study, g decline by 88% occurred at slightly higher
WYiear (—1.18 MPa) than the onset of embolism (P;, of —1.61 MPa;
Table S1). However, these results contrast with what may a priori be
expected from resurrection plants. For instance, Sherwin et al. (1998)
suggested that stomatal closure occurred during the bulk of embolism
events in the stem in Myrothamnus flabellifolius, allowing this species
to “maximize carbon gain” during dehydration. Nonetheless, the
response of stomata—and hence photosynthesis—appears to be far
from homogeneous among resurrection plants (Ferndndez-Marin
et al., 2016). For instance, Eragrostis nindensis, Craterostigma wilmsii,
M. flabellifolius, and Haberlea rhodopensis are able to keep stomata
open and positive A, as far as to RWC < 50% (Farrant, 2000; Willigen
et al.,, 2001), whereas in Xerophyta humilis photosynthesis ceased at
RWC ~80% (Beckett et al., 2012). The differential response may be
related to the adoption of poikilochlorophylly (Ferndndez-Marin
et al., 2016). In this sense, stomatal closure could reduce the dehydra-
tion rate and allow for additional time to complete the needed protec-
tion mechanisms (Aidar et al., 2010). In our study, stomatal closure
occurred by the 11th day after water deprivation (Figure 2B) but
RWC did not decrease below 70% until the 18th day (Figure 1B). Full
xylem embolism occurred within the timelapse comprised between
stomatal closure and RWC steep decrease (Figures 1 and 2), simulta-
neous to gradual loss of F,/F,, (Figure 5). According to Trueba et al.
(2019), even slight losses in F,/F,, (decline by 10%) in desiccation-
sensitive species indicate that leaves are not able to recover after
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dehydration. This pattern, where leaf embolism leads to dehydration,
indicated by leaf shrinkage and/or F,/F,, decline of the surrounding
mesophyll tissue (Brodribb et al., 2021; Johnson et al., 2022), also
occurs in B. purpurea (Figure 5). However, in this case, the immediate
decrease in water content does not lead to cell death but possibly
triggers the cascade of protective mechanisms at the cell level, includ-
ing starch mobilization, chlorophyll degradation, and sucrose and raffi-
nose accumulation (Suguiyama et al., 2014).

Given the coordination of stomatal closure and leaf embolism found
in B. purpurea and reported in other species (Cardoso et al., 2018; Creek
et al., 2020; Hochberg et al., 2017), a relatively high embolism resistance
in resurrection plants would allow to sustain carbon gain under progres-
sive water stress. However, when comparing the Psq of B. purpurea
(—2.15 MPa) to the reported values for leaves in other species, this spe-
cies does not present higher resistance than, for example, oaks (mean
leaf Pso of —3.8 MPa across 8 Mediterranean species; Skelton et al.
(2018)) nor other woody angiosperms (mean Pso of —5.2 in three spe-
cies; Creek et al. (2020)). For instance, the Psq of B. purpurea was similar
to that reported in wheat leaves of —2.21 MPa (Corso et al. (2020) and
the relatively drought-sensitive Populus tremula x alba of —1.96 MPa
(Mantova et al. (2023). On the other hand, B. purpurea shows a small leaf
safety margin (0.4 MPa) compared to >2 MPa in some woody ever-
greens (Creek et al., 2020). This may reflect the decreased need to pre-
vent leaf damage due to dehydration in a resurrection plant since larger
safety margins are related to reduced leaf and plant mortality rates
under drought conditions (Chen et al., 2019; Creek et al., 2020).

4.3 | Hydraulic and photosynthesis recovery
during rewatering

B. purpurea leaves were able to recover from drought and reach
similar water status as control plants (i.e, Wesr~0 MPa and
RWC =~ 100%) within less than 24 h after being rewatered from the
roots only (Figure 1B). Mesophyll tissue appeared to be fully rehy-
drated in some leaves even within the 9-16 h range (Figure 6). How-
ever, for the same leaves, the majority of vessels remained embolized,
with a high degree of variability regarding the refilling of major and
minor vessels (Figure 6E). Among the images obtained from microCT
for rehydrated leaves, only one vascular bundle appeared fully recov-
ered, with complete refilling in all major and minor vessels (Figure 6C),
which is nonetheless still remarkable after complete embolism in the
desiccated state (Figures 3C and 6A). A similar degree of embolism in
all vessels has been shown in the petioles and stipes of resurrection
ferns in the desiccated state (Holmlund et al., 2019; Prats &
Brodersen, 2021). In fern petioles, xylem refilling occurs after rehydra-
tion of the surrounding living chlorenchyma and phloem (Holmlund
et al,, 2019, 2020). Similarly, for the leaves in B. purpurea, we observe
rehydration of the surrounding tissues like bundle sheath and meso-
phyll cells in the first stage of rewatering. The role that these tissues
may exert in aiding the refilling of the vessels is unclear, although it
has been suggested that they may provide an increased osmotic gradi-

ent that contributes to water distribution in the xylem (Holmlund

et al., 2019). Both positive root pressure and water ascension by capil-
larity have been suggested as two possible mechanisms for rehydra-
tion in desiccation-sensitive (e.g., Charrier et al, 2016) and
resurrection plants (Holmlund et al., 2020; Schneider et al., 2000;
Sherwin et al., 1998), although in the latter these mechanisms have
been only explored in the stems of M. flabellifolius and the rachis of
resurrection ferns.

Regarding photosynthesis recovery, A, requires 3-4 days to
reach pre-stressed values (Figure 2A), similar to what Fu et al. (2022)
reported in the woody angiosperm Paraboea rufescens. The resynth-
esis of chlorophyll and photosystems assembly occurs in 24-48 h in
B. purpurea, as reflected by the increase in F,/F, (Figure 2E), a similar
timeframe (12-36 h) to that reported by Suguiyama et al. (2014). The
biochemical limitations imposed by the reassembling of the photosyn-
thetic pigments, together with xylem refilling, explain the lower pho-
tosynthesis in B. purpurea during the second to third day after
rewatering (Figure 2A). Similar to the dehydration phase, the recovery
of gs, 8m, and Jg, was coordinated with A,, after rewatering (Figure 2).
The slight delay of photosynthesis recovery compared to the full
hydration within the first 24 h (Figure 1B) corresponds to the first
stages of chlorophyll resynthesis (Suguiyama et al., 2014), as reflected
by the extremely low F,/F, during the first day of recovery
(Figure 2E) despite the high leaf hydrated status (Figure 4K,L). Addi-
tionally, photosynthesis recovery could also be hindered by stomatal
shutdown due to residual effects of ABA accumulation during desicca-
tion (McAdam & Brodribb, 2012), since ABA is a key regulator of des-
iccation tolerance (Oliver et al., 2020). In contrast to B. purpurea, Prats
and Brodersen (2021) reported relatively rapid photosynthesis recov-
ery in P. polypodioides within 12 h. In this fern, photosynthesis
recovered despite uncomplete xylem refilling due to the decoupling
between leaf and rhizome, which the authors attributed to the rele-
vance of foliar water uptake for rapid recovery, probably linked to its
epiphytic environment (Prats & Brodersen, 2021). Similarly, the
desiccation-tolerant fronds of Anemia caffrorum require high relative
humidity in the atmosphere to recover from the desiccated state and
are able to resume photosynthesis within the first 24 h after rewater-
ing (Nadal et al., 2021b). However, resurrection ferns may not provide
a comparable system for B. purpurea, since the latter must reassemble
its photosynthetic apparatus during recovery.

Notably, Kicat Shows an extreme value in the first day of recovery
(Figure 2F), and then decreases to approximately pre-stressed values
in the following days. Since most vessels are still embolized during the
first 24 h after rewatering (Figure 6), and Kie.s is thought to reflect
both xylem and outside-xylem water pathways, it seems that this high
value may constitute an artifact product of the measurement tech-
nigue. The evaporative flux method requires measurements of tran-
spiration and water potential differences. However, at such low
E (0.52mmolm 25! on day R1) and W and Weem (—0.14
and — 0.11 MPa, respectively), the measurement noise might out-
weigh the signal. Nonetheless, the response of Kiear to Wiear is very
similar for both dehydrating and rehydrating leaves, with Kie.¢ present-
ing maximum values at the lowest W|,¢ in both stages (Figure 4L). The

decoupling of Kieas and embolism dynamics in B. purpurea may indicate
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that Kiear is more related to K,y than to K,. Further exploration of
hydraulic conductance in resurrection, preferably with comparison to
other methods for measuring Kie.s (Flexas et al., 2013), may help in

disentangling the role of the two pathways during leaf rehydration.

5 | CONCLUSIONS

This study shows for the first time the detailed interplay between
photosynthesis, hydraulic conductance, and xylem embolism during
dehydration and rehydration in a resurrection plant. As expected, pho-
tosynthesis decreased due to a combination of stomatal closure and
declines in mesophyll conductance and electron transport. This
occurred at a relatively low level of water stress compared to the
degree of dehydration experienced by B. purpurea and other resurrec-
tion plants (Oliver et al., 2020). This response constitutes a common
pattern across vascular plants for photosynthesis decline under
drought conditions (Flexas et al, 2018; Nadal & Flexas, 2019).
B. purpurea did not show remarkably low leaf Psq values (—2.15 MPa),
showing lower resistance to embolism than woody angiosperm spe-
cies (e.g., Creek et al., 2020; Skelton et al., 2018). Also, photosynthesis
in B. purpurea recovered within a few days after rewatering, after
chlorophyll resynthesis, indicated by the recovery of F,/F,,, and simul-
taneous to the resuming of hydraulic function. Notably, stomatal clo-
sure and photosynthesis cessation occurred prior to xylem embolism
as in most desiccation-sensitive species, adding evidence to the view
that stomata act as “safety valves” to protect the vascular system
from embolism formation. The fact that a resurrection plant, with no a
priori need for embolism protection, still displays such behavior points
toward a conserved response of stomata during drought across vascu-
lar plants. Nonetheless, as B. purpurea presents the most derived strat-
egy among resurrection plants (poikilochlorophylly), the study of other
resurrection plants with the homoiochlorophyllous strategy may help
us to further disentangle the dynamics of carbon gain and hydraulics

in this remarkable group of plants.
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