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The photosynthetic responses of the poikilohydric Porella platyphylla (L.) Pfeiff. to desiccation are
fundamental for understanding the species’ survival strategy. The aim of our study was to deter-
mine (i) the extent to which one-week desiccation at different relative humidities (RH) affects the
post-rehydration recovery of photosystem II (PSII) function under light and dark conditions, and
(ii) the timescale on which abscisic acid (ABA) contributes to the stabilization of early photopro-
tection. Recovery was monitored at 1, 24 and 48 hours after rehydration using chlorophyll fluores-
cence parameters, and the role of zeaxanthin-dependent energy dissipation was examined by applying
dithiothreitol (DTT). Our results identified three distinct recovery regimes. Samples that survived
moderate desiccation (32-76% RH) and natural desiccation (rapid water loss in laboratory air, ~35%
RH) almost fully restored their optimal quantum efficiency (F /F ) and effective quantum efficiency
(OPSII) values within 24-48 hours under both light and dark conditions. Desiccation at 5% RH,
however, caused irreversible PSII damage, with no recovery in either light or dark. DTT markedly
reduced non-photochemical quenching (NPQ), confirming the central role of zeaxanthin-dependent
energy-dependent quenching (qE) in photoprotection, while also demonstrating the persistence of a
DTT-insensitive NPQ fraction. A key finding of our study is that ABA hardening significantly stabi-
lized PSII function already within 1 hour, under both light and dark conditions, resulting in higher
F /F_and ®PSII values compared to untreated samples. This effect was long-lasting and remained evi-
dent throughout the 24—48-hour recovery phase, aligning with the recovery regime of the moderately
desiccated samples. These results provide a new, integrated perspective on the recovery mechanisms
operating during the desiccation-rehydration cycles of P. platyphylla, highlighting the decisive role
of early ABA signalling and qE-dominated NPQ in PSII recovery following moderate dehydration.
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Introduction

Bryophytes are poikilohydric organisms, meaning that their water content
equilibrates with ambient relative humidity. Many species tolerate extreme or
even complete desiccation and are capable of restoring photosynthetic activity
within a few hours after rehydration; this phenomenon is referred to as vegeta-
tive desiccation tolerance (VDT) (PROCTOR and SMIRNOFF 2000, OLIVER et al.
2020, X140 et al. 2026). Plants exhibiting VDT can survive prolonged periods
of drying by suspending physiological processes and subsequently reactivating
their metabolism upon rehydration. This capacity is largely attributable to the
protective and repair mechanisms that stabilize the photosynthetic apparatus
during water loss and rewetting. Since bryophytes lack the specialized tissues
that provide protection against abiotic stress in tracheophytes, they predomi-
nantly rely on cell-level photoprotective processes to mitigate oxidative stress
arising during desiccation—rehydration (DR) cycles (PROCTOR 2000a, PROCTOR
and SMIRNOFF 2000, HEBER et al. 2006). Mapping the physiological processes
operating in such model species is of strategic importance for advancing our un-
derstanding of abiotic stress tolerance in tracheophytes (DINAKAR and BARTELS
2013, OLIVER et al. 2020) and may ultimately contribute to the development of
transgenic crops with extreme desiccation tolerance (X1A0 et al. 2026).

In bryophytes, desiccation is associated with the inhibition of photosyn-
thetic electron transport, which increases the risk of photooxidative damage. In
homoiochlorophyllous bryophytes, including Porella platyphylla, the stability
of photosystem II (PSII) depends on reversible energy-dissipating mechanisms
capable of preventing photoinhibition and maintaining reaction centre (RC)
integrity (MARSCHALL and PROCTOR 1999, BUKHOV et al. 2001, HEBER et al.
2006). Non-photochemical quenching (NPQ) represents a major photoprotec-
tive mechanism that dissipates excess excitation energy. NPQ comprises several
components, including the rapidly reversible energy-dependent quenching (qE),
which is largely associated with zeaxanthin accumulation (DEMMING-ADAMS
and ApAMS 1996, HORTON and RUBAN 2005). This process is catalysed by vio-
laxanthin de-epoxidase (VDE), whose enzymatic activity can be selectively in-
hibited by dithiothreitol (DTT), thereby enabling the functional assessment of
the zeaxanthin-dependent pathway (WINTER and KONIGER 1989, FERNANDEZ-
MARIN et al. 2013). In several desiccation-tolerant photosynthetic organisms,
zeaxanthin accumulation has been observed during dehydration, sometimes in-
dependently of light exposure, suggesting that water loss itself may trigger xan-
thophyll-cycle adjustments (HEBER et al. 2006, FERNANDEZ-MARIN et al. 2009,
2011,2013, VERHOEVEN et al. 2021). The functional significance of this response
appears to vary among species and ecological contexts.
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In addition to xanthophyll cycle activity, abscisic acid (ABA) plays a deci-
sive role in mediating desiccation responses, as it enhances antioxidant defence
and the maintenance of osmotic balance (MAYABA et al. 2001, DINAKAR and
BARTELS 2013, GAO et al. 2024). Exogenous ABA has been shown to enhance
desiccation tolerance and improve recovery of photosynthetic performance after
rehydration in several moss species, including Atrichum androgynum (BECKETT
et al. 2000, MAYABA et al. 2001, MARSCHALL and BORBELY 2011) and in a liv-
erwort, Dumortiera hirsuta (MARSCHALL and BECKETT 2005). Moreover, mo-
lecular and physiological studies in Physcomitrella patens indicate that ABA-
dependent signalling pathways are evolutionarily conserved and contribute to
stress-responsive gene expression (X140 et al. 2018, RATHNAYAKE et al. 2019,
NIBAU et al. 2022). However, recent evidence suggests that endogenous ABA ac-
cumulation alone does not fully explain the acquisition of desiccation tolerance,
and that drying rate and developmental context may also be critical determinants
(X140 et al. 2018). Transcriptomic analyses of resurrection plants (VDT vascu-
lar plants) indicate that ABA-dependent signalling coordinates the synthesis of
late embryogenesis abundant (LEA) proteins, antioxidants and osmolytes during
dehydration (DINAKAR and BARTELS 2013), thereby representing an evolution-
arily conserved stress network. The rapid recovery of photosynthetic functional-
ity in VDT bryophytes depends on the preservation of PSII integrity and chlo-
roplast ultrastructure, which requires only minimal de novo protein synthesis
(PROCTOR and SMIRNOFF 2000, PROCTOR 2001). Inhibition of VDE by DTT
accelerates the decline in FV/ F_ under illumination, confirming the central role
of zeaxanthin formation and trans-thylakoid pH gradient (ApH)-dependent en-
ergy dissipation (WINTER and KONIGER 1989, PROCTOR and SMIRNOFF 2000).

Nevertheless, the interaction between desiccation intensity, ABA signal-
ling and xanthophyll-cycle activity remains poorly understood in liverworts
(MaRrscHALL and BECKETT 2005). 2. platyphylla, a shade-adapted species with
drought tolerance in ecological terms, inhabits calcareous rock surfaces where
gradual DR cycles are frequent (MARSCHALL and PROCTOR 1999, PROCTOR
2001). Due to these characteristics, it represents an excellent model for studying
the hydration thresholds separating reversible and irreversible photoinhibition, as
well as early photoprotective mechanisms. Recent comparative studies have shown
that VDT bryophytes partially restore optimal quantum efficiency (F /F ) and ef-
fective quantum efficiency (®PSII) values after rehydration, suggesting that the
photochemical and carotenoid-based protection of PSII relies on reversible ad-
justments (PERERA-CASTRO and FLEXAS 2022, ESTEBAN et al. 2024). Based on
these findings, it can be assumed that dynamic NPQ regulation and ABA-mediated
“priming” constitute transient strategic elements between constitutive VDT and
inducible drought responses (DINAKAR and BARTELS 2013, OLIVER et al. 2020).
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Despite current knowledge, it remains unknown how desiccation thresholds,
zeaxanthin-dependent qE and ABA signalling interact during the post-rehydra-
tion recovery of PSII in P. platyphylla. Based on this, the aims of our study were
to: (i) determine the extent to which one-week desiccation of different intensities
affects the post-rehydration recovery of PSILin P. platyphylla under light and dark
conditions, with the application of VDE inhibition (DTT); and (ii) investigate
the timescale and magnitude by which an exogenous ABA hardening contributes
to the early stabilization of photoprotective processes in P. platyphylia.

Materials and Methods

Plant material

Porella platyphylla (L.) Pfeiff. (Jungermanniopsida) is a leafy liverwort ex-
hibiting pronounced VDT (MARSCHALL et al. 1998, MARSCHALL és PROCTOR
1999), was collected from shaded, north-facing limestone rock surfaces in the
Bitkk Mountains (near Fels6tarkdny: 47° 58 54.6” N, 20° 26’ 54.3” E). In this
region, the species occurs primarily on calcareous substrates, although it can
occasionally be found on tree bark as well. In its natural habitat, P. platyphyl-
la experiences frequent DR cycles and is capable of restoring photosynthetic
activity within 24 hours even after prolonged dry periods (MARSCHALL and
SUTS 2022).

Following taxonomic identification of the collected samples, the plants were
stored at full turgor in a hydrated state in plastic containers at ~5 °C under dark
(refrigerator) conditions until the start of the experiment (maximum 3-4 days).
For the experiments, only thalli originating from rock surfaces were used.

Deacclimation

Since the prior environmental acclimation history of the field material was
unknown, a deacclimation (dehardening) period was applied (MARSCHALL and
SUTS 2022, STARK et al. 2022). To minimize potential residual hardening effects
from prior environmental exposure, the samples were maintained under fully
hydrated conditions for three days (20 °C, 100% RH, 50-100 pmol m~ s pho-
tosynthetic photon flux density PPFD under the ambient natural light regime
entering through the laboratory window (12/12 h photoperiod). No additional
artificial illumination or direct irradiation was applied. All experiments were
conducted in an air-conditioned laboratory at 20 °C. For erasing the “history”
of field collected plants, at least a 24-hour deacclimation period is recommended
(Austin protocol) (STARK et al. 2022). Based on our previous studies conducted
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with Porella platyphylla (MARSCHALL et al. 1998, MARSCHALL and PROCTOR
1999, MARSCHALL and SUTO 2022), we applied a three-day deacclimatization
period at full turgor before the desiccation treatments, which proved to be suf-
ficient (Fig. 1). During the dehardening phase, water content relative to dry
mass was 1769.96 + 220.47% (mean % SD of the 24, 48 and 72 h values, Table 1),
which, due to the presence of substantial external capillary water, greatly exceeds
the water content at full turgor (273 + 5%) reported for this species (PROCTOR
2000b, MARSCHALL and SUTS 2022).

Deacclimatization

1-week desiccation in light

o 2%RH | | 54% RH | | 76% RH Natural
5% RH 32% ° ° desiccation
ABA
hardening
Rehydration
Baseline In light In dark
control with DW with DTT with DW with DTT
Light control Light DTT Dark control Dark DTT
n=3 n=3 n=3 n=3 n=3
1h 1h 1h th th
24h 24h 24h 24h 24h
48h 48h 48h 48h 48n

Fig. 1. Schematic overview of the experimental design used in this study.
1. abra. A kisérlet felépitésének sematikus attekintése.

Baseline control

After the deacclimation period, fully turgid P. platyphylla samples were main-
tained continuously under 100% relative humidity (RH) in a glass desiccator to
prevent any water loss (20 °C, 50-100 umol m= s~ PPFD, see above, 12/12 h pho-
toperiod). These samples, without undergoing drying, served as the baseline con-
trol as a function of time, representing a fully hydrated reference state following
standardized deacclimation treatment. For consistency with the other treatments,
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baseline control samples received the same standardized volume of distilled water
(DW) applied to the thallus surface before measurements, and were exposed to
identical light conditions as applied during the respective rehydration treatments.

Desiccation treatments

Samples were placed in sealed glass desiccators at the beginning of the
light phase (morning) and maintained under natural diffuse daylight (50-100
umol m~ s7' PPFD), following the ambient photoperiod (approximately 12 h
light/12 h dark) for seven days. No additional artificial illumination or direct
irradiation was applied. In controlled desiccation treatments, liverwort samples
were placed under different RH conditions inside sealed glass desiccators above
saturated salt solutions as follows: 76% RH — NaCl (¥ = -37.2 MPa), 54% RH -
Ca(NO,),-H,O (¥ ~ -82.5 MPa), 32% RH — CaCL-H,0 (¥ =~ —153 MPa), 5%
RH - 54% (w/w) H,SO, (¥ = —412 MPa). Samples were placed in plastic weigh-
ing boats positioned on built-in supports within the desiccators, ensuring free
air circulation inside the desiccators and preventing any physical contact with
the salt medium. The laboratory maintained constant ambient temperature (20
°C), and no localized warming inside the sealed desiccators was detected during
the experiment. The desiccators were kept constantly at 20 °C, away from direct
sunlight and without direct exposure to heat sources.

The non-controlled desiccation treatment aimed at mimicking “natural des-
iccation” representing fast water loss under laboratory air (~35% RH, 20 °C, 50—
100 pmol m™ s™' PPFD, see above, 12/12 h photoperiod, natural light infiltrating
through the window) outside the desiccators. Among the five one-week desiccation
treatments, all but one (76% RH) reached the cellular water-content level at which
Porella suspends its metabolic activity, although at different drying rates. Rapid,
high-intensity desiccation occurred at 5% RH and during natural desiccation
(Table 1). Before the start of the experiments, the fresh weight of the liverwort sam-
ples was measured with analytical precision (0.04 g) while maintaining their full
turgor (carefully blotting off excess external capillary water with tissue paper) and
standardizing the external capillary water content. For each sample, fresh weight
and dry weight were determined from parallel samples (n = 10) oven-dried at 105
°C for 3 h until constant weight was reached. The relative water content (RWC) of
the plants was determined as follows: RWC = (actual fresh weight — dry weight) /
(fresh weight at full turgor — dry weight). Samples with known fresh weight at full
turgor were dried in glass desiccators containing salts in equilibrium with their sat-
urated solutions, resulting in different relative humidities (RH) (controlled drying),
and in laboratory air (natural drying) for one week (see water content as % of dry
weight during the one-week dry-down in Table 1) (MARSCHALL és SUTO 2022).
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Rehydration treatments

Following one week of desiccation, the samples were rewetted by surface
application of either distilled water (control) or 3 mM DTT as a VDE inhibi-
tor. The solutions were applied dropwise in a small, standardized volume suf-
ficient to uniformly wet each thallus using a pipette (WINTER and KONIGER
1989, PROCTOR and SMIRNOFF 2000). Rehydration and recovery were carried
out either under natural diurnal illumination (50-100 pmol m=2, s PPFD, 12
h light/12 h dark photoperiod) or in complete darkness at 20 °C. During light
rehydration, samples recovered under natural diurnal light cycles (see above),
whereas dark rehydration was conducted under complete darkness to assess
PSII recovery in the absence of photon-driven processes. Measurements were
taken 1, 24 and 48 hours after rehydration. Between measurements, the sam-
ples were stored in a desiccator maintaining 100% RH, thereby preventing re-
desiccation.

ABA treatment

Plants were pre-treated (hardened) with 0.1 mM ABA (pH 7.2) for 1 h.
The ABA hardening was applied to plants at full turgor, immediately following
the deacclimation protocol to ensure uniform physiological hydration status
across all samples. ABA solution was applied dropwise onto the thallus surface
using the same standardized protocol as for distilled water, in a small, consist-
ent volume (1 ml) sufficient to uniformly wet each thallus without submerging
the tissue. After one hour, the ABA solution was removed from the surface of
the plants by rinsing with distilled water and blotting off the external capillary
water with filter paper while maintaining full turgor. The ABA-treated samples
(without applying a desiccation period), after removal of the ABA solution,
were treated with distilled water or DT'T in light or in darkness, and the pho-
tosynthetic parameters were measured after 1, 24, and 48 hours, corresponding
to the rehydration times of the other desiccation-treated samples (Fig. 1). ABA
hardening was conducted as a separate treatment parallel to the other desicca-
tion treatments using fully hydrated, deacclimated samples, and it was not fol-
lowed by a subsequent desiccation cycle. The purpose of this treatment was to
assess the direct effect of exogenous ABA on photosynthetic parameters under
fully turgid conditions, using ABA as a desiccation stress signal. Exogenous
ABA was applied to fully hydrated thalli to characterize its short-term regula-
tory effects on photosynthetic parameters under controlled hydration, to com-
pare the ABA-induced responses with those observed during controlled desic-
cation treatments, which presumably involve endogenous ABA signalling.
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Chlorophyll fluorescence measurements

Chlorophyll fluorescence induction and quenching processes were exam-
ined using a DUAL-PAM-100 system (Heinz Walz GmbH, Effeltrich, Germany).
Before measurements, the thalli were dark-adapted for 10 minutes at 20 °C.
Initial fluorescence (F ) was excited with weak, modulated light (0.02 umol m™
s™', 460 nm) and detected with a PIN photodiode. Maximum fluorescence (F_)
(the reduction of the all oxidized QA in PSII) was induced by a saturating light
pulse of 15,000 pmol m™ s™' lasting 0.8 s. After the maximum fluorescence (F )
decreased to the F level, the excitation of photosynthesis was started with a white
active light of 435 umol m™> s™' PPFD (at 635 nm), and a quenching analysis was
performed in every 50 sec. using a saturation light pulse until the steady state fluo-
rescence level was reached.

The following parameters were calculated (MARSCHALL and SUTO6 2022):

- Optimal quantum efficiency: F /F_=(F_-F)/F_

— Effective quantum efficiency: ®PSII = (F '~ F)/F_’

- Non-photochemical quenching: NPQ = (F_/F’) -1

- Relative electron transport rate: ETR(II) = ®PSII x PAR x 0.5 x 0.84

Statistical analysis

Measurements were carried out based on three biological replicates (n =
3). Results are presented as mean + standard error (SE). Prior to statistical eval-
uation, normality was assessed using the Shapiro—Wilk test, confirming nor-
mal distribution of the dataset. Differences among desiccation treatments were
evaluated using one-way analysis of variance (one-way ANOVA). The effects of
DTT and light conditions during rehydration were analysed separately within
each desiccation treatment using one-way ANOVA. ABA treatment, conducted
as an independent experiment on fully hydrated samples, was evaluated sepa-
rately using one-way ANOVA. In all cases, ANOVA was followed by the Holm-
Sidak post hoc test. Statistical analyses were performed using R 4.5.2. (R Core
Team 2025) software. Deviations were interpreted as significant when p < 0.05.

Results

Reference state: baseline control

Fully turgid, non-stressed P. platyphylla samples served as the baseline con-
trol, displaying consistently high PSII optimal quantum efficiency (F /F ), which
remained within the 0.70 + 0.03 range at 1 h, 24 h, and 48 h (Figs 2, 3, 4, 5, 6A).
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The OPSII likewise remained stable, falling within 0.33 + 0.05 (Figs 2, 3, 4, 5,
6B). Non-photochemical quenching (NPQ = (F_/F ) - 1) stayed within 1.22 +
0.20 (Figs 2, 3, 4, 5, 6C) throughout the observation period. To assess potential
time-dependent drift in baseline control samples, linear regressions were fitted
for each biological replicate (parameter vs. recovery time), and mean slopes (f
+ SE) were tested against zero. F /F_and ®PSII showed negative trends that
did not significantly differ from zero (F /F_: = -0.046 + 0.020 day™, p =
0.057; OPSII: B = -0.088 + 0.043 day™’, p = 0.072), whereas NPQ exhibited a
significant positive slope over time ( = 0.342 + 0.078 day ™', p = 0.017).

Recovery in light after rehydration with water

During the first hour of recovery in light following one week of desic-
cation, the optimal quantum efficiency (F /F_) showed a clear gradient: the
lowest values were observed in the 5% RH treatment, intermediate values oc-
curred under the rest of the desiccation treatments (32%, 54%, 76% RH and
natural desiccation), while the highest values were recorded in ABA-treated
samples. The differences were significant (Fig. 2A). In the 5% RH treatment,
F /F_, ®PSIL, and NPQ values remained significantly lower than in all other
treatments, even after 48 hours. In the 5% RH treatment, F /F_ and ®PSII
remained significantly lower than in all other treatments during rehydration,
while NPQ values after 24-48 hours were also lower, except in the 32% RH
treatment. Except for the 5% RH condition, all treatments recovered to the
0.6-0.7 F /F_range during the recovery period. When examining the effective
quantum efficiency (®PSII), three distinct value ranges were observed during
the first hour of recovery, and these differed significantly from each other (p
< 0.05). However, samples treated with ABA and those subjected to natural
desiccation represented an exception, as no significant difference was detected
between them. Natural desiccation samples did not differ significantly from
the moderate desiccation treatments, whereas ABA-treated samples showed
elevated OPSII values during the first hour of recovery. By the 48th hour, the
significant differences disappeared among the ABA, 54% RH, 76% RH, and
natural desiccation treatments during water rehydration and recovery in light
(Fig. 2B). For NPQ, no significant differences were observed among the treat-
ments (moderate desiccation and ABA) during the first hour of recovery, and
this pattern persisted at 24 and 48 hours. An exception was observed in samples
desiccated at 5% RH, where NPQ values declined from 24 hours onward and
approached zero by 48 hours (Fig. 2C).
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Recovery in light with DTT application

Following one week of desiccation at 5% RH, rehydration in light under
DTT treatment showed a trend similar to that observed during recovery after
water rehydration in terms of F /F_ values: plant samples exhibited significantly
lower values compared to the other treatments at 1 h, 24 h, and 48 h. In the first
hour of recovery, significant differences were detected between ABA and 32%,
54% and 76% RH treatments, and between 54% RH and 76% RH. These differ-
ences disappeared by 48 hours, and, similarly to the treatments without DTT,
the samples (except 32% RH) recovered to the 0.6-0.7 F /F_range (Fig. 3A).
The @PSII values in the 5% RH samples under DTT treatment also followed
a pattern similar to that observed during recovery in light after water rehydra-
tion. During the first hour, ®PSII values of the moderate desiccation samples
were similar and clustered together (Fig. 3B). Under DTT treatment and light
recovery, NPQ values formed distinct value ranges during the first hour after
rehydration (Fig. 3C). The 32% RH samples exhibited NPQ values that con-
verged to 0 and remained unchanged after 24 and 48 h. During recovery follow-
ing desiccation at 54% and 76% RH in the presence of DT'T, the NPQ values re-
mained similar throughout the entire recovery period. During the first hour of
recovery, no significant differences in NPQ values were detected among the 5%
RH, ABA-treated, and natural desiccation samples; however, the moderate des-
iccation treatments differed significantly from ABA-treated samples. A turning
point became evident at 24 h after rehydration, when the degree of desiccation
differentiated the quality of recovery: at 5% RH, NPQ values approached zero
by 48 h even under DTT treatment. In contrast, samples subjected to moderate
desiccation reached an NPQ value range of ~0.2 at 48 h after rehydration.

Recovery in dark after rehydration with water

During recovery in darkness, similarly to the pattern observed under recov-
ery in light, the treatments formed three value ranges during the first hour after
rehydration (Fig. 4A). In the moderate desiccation treatments, F /F_ values did
not differ significantly during the first hour of recovery under water rehydration,
similarly to what was observed under light conditions. The recovery of the 5%
RH samples in darkness followed the same pattern as under light at 1 h, 24 h,
and 48 h after rehydration, with values remaining significantly lower than in the
other treatments. During the first hour after rehydration, ABA-treated samples
exhibited significantly higher F /F_ values than the 5% RH and moderate des-
iccation samples (except for 32% RH). By 48 hours after rehydration, all treat-
ments except 5% RH showed comparable F /F_ values and formed a statistically
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nearly homogeneous group, despite minor differences in mean values (including
slightly lower averages at 32% RH). Similarly to recovery in light, by 48 hours
the moderate desiccation samples clustered together in darkness, with no sig-
nificant differences among them. Under ABA treatment, a significant difference
remained between ABA and natural desiccation at 48 hours.

No significant differences in ®PSII were detected between ABA and the
moderate desiccation treatments (except for natural desiccation and 32% RH),
and values ranged between 0.4 and 0.5. After 48 hours of dark recovery, ®PSII
values followed a graded response, with the lowest values at 5% RH, intermediate
values under natural desiccation and 32% RH, and the highest values in the ABA,
54% RH and 76% RH treatments (Fig. 4B). During recovery in darkness with wa-
ter rehydration, NPQ values showed significant differences in the first hour under
ABA treatment compared to the other controlled desiccation treatments (except
32% RH) (Fig. 4C). By the 24th hour of recovery, the significant difference be-
tween ABA and 76% RH was no longer detectable, reflecting a convergence driven
by decreasing NPQ values in ABA and increasing values in the 76% RH treatment.
Samples desiccated at 32% and 54% RH showed stabilization of NPQ values by 24
hours after rehydration and recovered to the 0.5-0.75 range by 48 hours, reach-
ing values comparable to those of ABA-treated plants despite distinct temporal
patterns. An exception was observed in the 5% RH treatment, where NPQ values
declined significantly during the 48-hour recovery period compared to the other
treatments. During recovery following rehydration, NPQ values of the natural
desiccation samples occupied an intermediate range together with the 5%, 32%,
and 54% RH treatments. Significant differences involving the natural desiccation
treatment appeared at 24 hours compared to ABA, 76% RH, and 54% RH treat-
ments; by 48 hours, this difference persisted relative to ABA and 76% RH.

Recovery in dark with DTT application

The changes in optimal quantum efficiency following desiccation at 5%
RH during recovery in darkness did not differ from the pattern observed during
recovery in light under DTT treatment; the values remained significantly (p <
0.05) lower at 1 h, 24 h, and 48 h compared with the other treatments. The F /F
recovery of ABA- and 76% RH-treated samples followed a similar pattern after
rehydration, and no significant difference was detected between them through-
out the monitoring period. Samples desiccated at 32%, 54% RH, as well as those
subjected to natural desiccation, exhibited identical recovery at 1 h, 24 h, and 48
h, with no significant differences between them, except for a significant diver-
gence between the 32% RH and natural desiccation treatments that emerged by
48 h. These treatments (32%, 54% RH) differed significantly from the 76% RH
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and ABA treatment at 24 h of recovery, and this difference remained only for the
32% RH treatment by 48 h (Fig. SA).

Recovery in darkness under DTT treatment, in terms of ®PSII, exhibited a
similar trend to that observed under recovery in light (Fig. 5B). Samples desiccat-
ed at 5% RH consistently exhibited the lowest ®PSII values throughout the re-
covery period, remaining significantly lower than in all other treatments. During
recovery, plants subjected to natural desiccation and 32% RH tended to show
lower ®PSII values than those desiccated at 54% and 76% RH or treated with
ABA, although differences were not consistently statistically significant. These
differences persisted up to 48 h of recovery, although in the ABA treatment a
significant difference remained only in comparison with the 5% RH treatment,
while comparisons involving 76% RH showed a different pattern from that ob-
served under recovery in light.

In ABA-treated plants, NPQ values under DTT treatment decreased to
0 during recovery in darkness and remained unchanged even after 48 h (Fig.
5C). During the first hour after rehydration in darkness, NPQ values showed a
structured pattern across treatments. Samples desiccated at 5%, 32% and 76%
RH exhibited similar values and clustered together, whereas samples subjected
to 54% RH and natural desiccation formed a second group with comparable
values. Following rehydration, NPQ values for all treatments (except ABA) re-
mained within the 0.05-0.25 range at 24 and 48 h. No significant difference was
detected between the 5% RH and natural desiccation treatments at the 48-hour
recovery point; however, both differed significantly from the 54% RH and 76%
RH treatments.

To facilitate comparison among dehydration and ABA treatments across
light and dark conditions and DTT treatment, the values of Fv/ F_, ®PSI], and
NPQ at the 48 h recovery time point are summarized in Fig. 6. In comparison,
the limitation of zeaxanthin formation caused a greater reduction in NPQ values
than the effect of light or darkness during rehydration (Fig. 6C).

Discussion

The baseline control samples remained fully hydrated throughout the exper-
imental period; a gradual change in PSII-related parameters was observed over
time. Sustained hydration in desiccation-tolerant mosses has been reported to alter
physiological balance and photosynthetic regulation (PROCTOR and SMIRNOFF
2000), which could explain the gradual decline in F /F_ and the increase in NPQ
observed in the control samples during the experiment. While deacclimation ki-
netics may vary among bryophytes (Woob 2007, STARK et al. 2014, STARK 2017,
MORALES-SANCHEZ et al. 2022, NAVA-NOLAZCO et al. 2025), earlier work on P
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platyphylla demonstrated that a three-day fully hydrated period is sufficient to re-
store PSII functionality and baseline fluorescence parameters (MARSCHALL and
SUTG 2022). The dehardening period applied in this study provided full deaccli-
mation of the field-collected plants before drying treatments.

The patterns described above suggest that desiccation intensity, NPQ regu-
lation and ABA signalling interact during PSII recovery, forming an integrated
physiological response during rehydration. Within this framework, three distinct
recovery regimes can be distinguished, defined by the severity of desiccation and
the resulting physiological state of PSII during rehydration: (i) a collapse regime
characterized by irreversible PSII damage after extreme desiccation (5% RH), (ii)
a reversible recovery regime observed after moderate desiccation (32-76% RH),
and (iii) a gradual recovery regime associated with natural desiccation condi-
tions. These regimes define the post-rehydration PSII restoration of P. platyphyl-
la. After one week of desiccation at 5% RH, F /F_ remained persistently below
0.4, and ®PSII stayed around 0.15 even 48 hours after rewetting, indicating ir-
reversible PSII damage. Such a collapse is consistent with oxidative injury to the
D1 protein and the redox components of the RC, resulting from sustained reac-
tive oxygen species (ROS) stress during extreme desiccation (HEBER et al. 2006,
OLIVER et al. 2020). Under extremely low water availability, PSII structural in-
tegrity cannot be maintained even in the presence of protective mechanisms, ex-
plaining irreversible photoinhibition under severe desiccation stress (OLIVER et
al. 2020, JABEONSKA et al. 2023). The collapse observed in the 5% RH treatment
was more severe than that reported for Physcomitrium patens (X1A0 et al. 2026).

During rehydration with water under light conditions, after 24 hours all mod-
erately desiccated samples showed values approaching the F /F_and ®PSII levels
characteristic of unstressed plants. In contrast, under dark conditions, Fv/ F_re-
mained lower in samples treated at 32% RH, in naturally desiccated samples, and
in those treated at 54% RH. ®PSII recovered in the ABA-, 76% RH-, and 54%
RH-treated samples, but not in the 32% RH-treated or naturally desiccated sam-
ples. When samples were rehydrated under light in the presence of a violaxanthin
cycle inhibitor, only the 32% RH-treated samples failed to recover their F /F_and
OPSII values within 24 hours; under all other (moderate desiccation) treatments,
values essentially reached or closely approached those typical of unstressed plants.
In the presence of a violaxanthin cycle inhibitor under dark conditions, the maxi-
mum quantum efficiency (F /F_) approached unstressed levels in the ABA- and
76% RH-treated samples, but not in the other treatments. Similarly, the effective
quantum efficiency (OPSII) reached unstressed levels in the ABA- and 76% RH-
treated samples, whereas in the remaining treatments it also failed to attain values
characteristic of unstressed plants. This pattern corresponds to reversible photoin-
hibition, where RC structure remains preserved, and damage is largely confined
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to donor- and acceptor-side redox components and transient uncoupling between
the antenna and the RC (PROCTOR and SMIRNOFF 2000, MORALES-SANCHEZ
et al. 2022, PERERA-CASTRO and FLEXAS 2022). The recovery of P. platyphylla
at 32-76% RH resembles that described for Racomitrium canescens (PENG et al.
2023), although it is weaker than the extreme VDT capacity for Syntrichia ca-
ninervis (YANG et al. 2023). Desiccation tolerance in mosses depends on cell wall
elasticity, membrane flexibility and the restorative capacity of chloroplast ultra-
structure during early rehydration (MORALES-SANCHEZ et al. 2022, PERERA-
CasTrO and FLEXAS 2022). The recovery patterns of F /F_and ®PSII in light,
in the natural desiccation treatment, resembled those observed at 54-76% RH,
indicating that P. platyphylla tolerates the rapid water loss characteristic of shad-
ed carbonate rock microhabitats (MARSCHALL and PROCTOR 1999, PROCTOR
2000b). Although the final hydration levels of the 32% RH and natural desiccation
treatments were comparable, their recovery responses slightly differed, depend-
ing on the rehydration conditions and phase, likely because samples dried under
laboratory air lost water more rapidly during the first 6 hours than those dried at
32% RH. When desiccated at 76% RH, P. platyphylla remained fully turgid during
the first 26 hours, while plants dried at 54% RH maintained full turgor during the
first 6 hours, losing only their external capillary water. In contrast, plants dried at
32% RH, 5% RH, or under laboratory air lost full turgor within the first 5 hours.
These latter treatments resulted in very rapid and intense dehydration. By the 6th
hour of desiccation, plants treated at 32% RH had an RWC of about 40%, whereas
those dried under laboratory air reached 3-4% RWC, and those exposed to 5%
RH retained only 1-2% RWC. In natural habitats, desiccation proceeds gradu-
ally under fluctuating microclimatic conditions, enabling partial physiological
preconditioning, whereas controlled desiccation at fixed 32% RH imposes a more
abrupt dehydration regime that may limit protective responses (PROCTOR and
SMIRNOFF 2000, OLIVER et al. 2020). A water content of . platyphylla below 15%
d.w. largely represents cytoplasmic-bound water that is not available for meta-
bolic activity. Plants in all drying treatments (except 76% RH) reached this level,
although at different rates. Dehydration occurred most rapidly (within 5 h) in the
5% RH and natural desiccation treatments. Under these conditions, P. platyphylla
required only five hours to reach an air-dried state. Such differences in desicca-
tion kinetics may influence PSII stability and recovery. These recovery patterns
provide the physiological context for understanding the role of photoprotective
NPQ regulation during rehydration.

Across all treatments, DT'T application substantially reduced NPQ, indicat-
ing that the predominant portion of NPQ capacity in P. platyphylla depends on
VDE-driven violaxanthin-antheraxanthin-zeaxanthin conversion. In the canoni-
cal xanthophyll-cycle model, thylakoid lumen acidification (ApH) activates VDE
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and promotes zeaxanthin accumulation, which together with LHCSR (Light-
Harvesting Complex Stress-Related, the canonical qE effector in non-angio-
sperms) and/or PsbS (the pH-responsive PSII subunit that initiates qE in vascular
plants and operates additively with LHCSR in bryophytes), enables rapid qE-type
energy dissipation (DEMMIG-ADAMS and ADAMS 1996, HORTON and RUBAN
2005, FERNANDEZ-MARIN et al. 2013). The small residual NPQ observed under
DTT treatment indicates zeaxanthin-independent components, previously dis-
covered in P platyphylla under both light (MARSCHALL and SUTO 2022) and dark
recovery. Our results further suggest that the xanthophyll cycle in the leafy liver-
wort P. platyphylla may remain operative and reversible even in the complete ab-
sence of light during a desiccation-rehydration cycle. Zeaxanthin formation dur-
ing desiccation in darkness therefore appears to be independent of the trans-thyl-
akoid pH gradient and the associated conformational change of the PsbS protein.
Although VERHOEVEN et al. (2021) did not detect dark violaxanthin de-epoxida-
tion in three liverworts (Marchantia polymorpha, Pellia epiphylla, and Lunularia
cruciata) or in the green alga Ulva rigida, our results in P. platyphylla indicate the
presence of a DT T-insensitive NPQ component during light and dark recovery,
which may reflect zeaxanthin formation. Several hypotheses have been proposed
to explain dark activation of VDE, including the possible presence of multiple
VDE isoforms. Studies on lichens have demonstrated that desiccation can activate
photoprotective mechanisms associated with conformational rearrangements of
pigment—protein complexes (HEBER 2008), suggesting that a related process may
also facilitate VDE activation. This mechanism may be induced during dehydra-
tion to protect chlorophyll during desiccation and to facilitate rapid acclimation
upon rehydration (FERNANDEZ-MARIN et al. 2009). However, zeaxanthin accu-
mulation has also been reported in species that are not strongly desiccation-toler-
ant, suggesting that its presence alone does not fully explain desiccation tolerance
(VERHOEVEN et al. 2021). Similar mechanisms occur in bryophytes: Syntrichia
ruralis maintains partial NPQ through thermally stabilized “glassy-state” mecha-
nisms (WINTER and KONIGER 1989, FERNANDEZ-MARIN et al. 2013, Lu et al.
2022), whereas in Physcomitrium patens LHCSR proteins partly compensate re-
duced zeaxanthin through pH-dependent conformational changes (NDHLOVU et
al. 2025). In addition to carotenoid-dependent photoprotection, hormonal regu-
lation may also contribute to PSII stabilization during early recovery.

In thalli recovering under light during rehydration, ABA-treated samples
showed higher ®PSII and more stable NPQ already in the first hour, indicating an
early regulatory effect of ABA on photoprotective processes. Similar rapid respons-
es in bryophytes (MARSCHALL and BECKETT 2005, MARSCHALL and BORBELY
2011) and resurrection vascular plants are associated with enhanced antioxidant
capacity, LEA protein accumulation and improved redox stability (MAYABA et al.
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2001, DINAKAR and BARTELS 2013, Gao et al. 2024), processes linked to the ca-
nonical ABA receptor cascade (PYR/PYL/RCAR-PP2C-SnRK2 module) in land
plants (SUN et al. 2020, TAKEZAWA et al. 2011, ZIMRAN et al. 2025). In liverworts,
B3 Raf kinases may further regulate VDT and dormancy (JAHAN et al. 2022), while
early antioxidant activation and LEA accumulation can reduce ROS formation
around PSII (MAYABA et al. 2001, GAO et al. 2024) and stabilize membranes dur-
ing initial rehydration (BECKETT et al. 2000, Cos1¢ et al. 2020). During the 1-24 h
recovery phase, such ABA-associated responses coincide with gradual stabilization
of photosynthetic performance, similar to the coordinated recovery described in
VDT mosses including Racomitrium canescens and Syntrichia caninervis (NIBAU et
al. 2022, PENG et al. 2023, YANG et al. 2023), and similarly reflected in our data by
the higher ®PSII values at 24 hours of rehydration. Upon rehydration under light
conditions, after 24—48 h, the Fv/ F_ and OPSII values of ABA-treated samples were
similar to those of the other moderately desiccated samples, whereas under dark
conditions, they were in the same range as those treated at 76% and 54% RH. This
suggests that early ABA signalling may influence subsequent recovery dynamics of
PSII (OLIVER et al. 2020, N1U et al. 2025). Together, these observations suggest
that PSII recovery in P. platyphylla emerges from the interaction of desiccation in-
tensity, NPQ dynamics and hormonal regulation.

Interactions between desiccation intensity, NPQ regulation and ABA signalling

One of the central outcomes of this study is that desiccation intensity, NPQ
dynamics and ABA-mediated responses together determine distinct recovery pat-
terns in PSII performance. Under moderate desiccation, the structural integrity of
RCII and the thylakoid membranes is largely preserved (PRESSEL and DUCKETT
2010), enabling rapid reactivation of zeaxanthin-dependent qE-type NPQ after re-
hydration and the establishment of a high NPQ capacity that dissipates excess ex-
citation and maintains the PSII acceptor side in a safe redox state. ABA may further
enhance this stabilization by modulating redox balance and protective processes,
resulting in higher and more stable ®PSII and F /F_ values during the 48-hour
recovery period. In this system, carotenoid-based photoprotection and hormonal
regulation function as partially redundant protective layers that support PSII sta-
bility (OLIVER etal. 2020, LU et al. 2022, GAo et al. 2024). In contrast, the extreme-
ly severe desiccation imposed by the 5% RH treatment involves rapid water loss as-
sociated with extensive membrane and protein damage that prevents restoration of
PSII functionality. The resulting disruption of thylakoid organization, chloroplast
membrane integrity and stromal metabolism leads to irreversible photochemical
failure (HEBER et al. 2006, OLIVER et al. 2020, BARTELS et al. 2025, Zuo 2025).
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Positioning Porella platyphylla in the bryophyte VDT spectrum

Our results suggest that P. platyphylla, which occurs in shaded, mesophilic
microhabitats in its natural environment (MARSCHALL and PROCTOR 1999,
PROCTOR 2001), does not reach the extreme desiccation tolerance of desert
mosses such as Syntrichia caninervis (YANG et al. 2023). Based on the compari-
son of rehydration recovery patterns, the desiccation treatments conducted at
different relative humidity levels, the ABA responses and the qE-dominant NPQ
capacity collectively indicate that the species occupies the mid-range of the ex-
treme VDT continuum. The recovery pattern suggests a contribution of both
constitutive and inducible mechanisms under moderate water loss (OLIVER et
al. 2020, BARTELS et al. 2025). In all drying treatments (except 76% RH), plants
reached water contents corresponding to cytoplasmic-bound water, although at
different rates. Cytoplasmic-bound water is unavailable for metabolic activity.
Because the different desiccation treatments inherently represent different dry-
ing rates, exposure to different relative humidity levels combines differences in
dehydration intensity with differences in drying dynamics. The rapid recovery
of zeaxanthin-dependent gE and the early stabilizing effect of ABA adequately
explain the restoration of PSII functions following moderately intense desicca-
tion treatments, whereas the species is unable to compensate for the structural
damage caused by extremely intense and prolonged desiccation.
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nedvesedési ciklus, PSII helyreéllasi dinamika.

Osszefoglalas: A poikilohidrikus leveles majmoha Porella platyphylla (L.)
Pfeiff. kiszdraddsra adott fotoszintetikus valaszai kulcsfontossaguak a faj thlélé-
si stratégidjanak megértésében. Vizsgalatunk célja az volt, hogy meghatarozzuk:
(i) az egyhetes, eltéré relativ paratartalmon végzett kiszaritds milyen mérték-
ben befolyésolja a PSII miik6désének tjranedvesités utdni helyreallasat fényen
és sotétben; valamint (ii) az abszcizinsav (ABA) milyen idéléptékben jarul hoz-
z4 a korai fényvédelem stabilizdlasdhoz. A regenerdcidt a rehidratciét kovetd
1., 24. és 48. éraban klorofill-fluoreszcencia paraméterek segitségével kovettiik
nyomon, és a zeaxantin-fiiggd energiadisszipacié szerepét ditiotreitol (DTT)
alkalmazasaval vizsgaltuk. Eredményeink harom eltéré helyreallasi tartomanyt
kiilonitettek el. A mérsékelt kiszdraddst tilélé mintak (32-76% RH), valamint a
természetes kiszdraddsnak kitett mintak (gyors vizvesztés laboratériumi levegén,
~35% RH) optimalis kvantumhatasfokuk (F /F_) és effektiv kvantumhatasfokuk
(OPSII) értékeit fényben és sotétben egyarant szinte teljes mértékben helyreal-
litottak 24-48 6ran belill. Ezzel szemben az 5% RH mellett t6rténé kiszaradas
irreverzibilis PSII-karosodést okozott, és sem fényben, sem sotétben nem kévet-
kezett be regeneracié. A DTT jelent6sen cs6kkentette a nem-fotokémiai kioltast
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(NPQ), megerdsitve a zeaxantin-fiiggd, energiadependens kioltas (qE) kozponti
szerepét a fényvédelemben, tovabb4 kimutatva egy DT T-re nem érzékeny NPQ-
frakcié fennmaraddasat is. Vizsgélatunk egyik kulcsfontossagu eredménye, hogy
az ABA-kezelés mar 1 6ran belill jelentésen stabilizélta a PSII miikédését mind
fényben, mind stétben, ami a kezeletlen mintdkhoz képest magasabb Fv/ F -és
OPSII-értékekben nyilvanult meg. Ez a hatds tartésnak bizonyult, és a 24-48
oras helyreéllasi szakasz sordn is megfigyelheté maradt, 6sszhangban a mérsékelt
kiszaradast elszenvedé mintdk Gjranedvesedési mintdzataval. Eredményeink j,
integralt megkozelitést nyujtanak a P platyphylla kiszaraddsi—jranedvesedési
ciklusai soran mikodé regenerdciés mechanizmusok megértéséhez, kiemelve a
korai ABA-jelatvitel és a qE-domindns NPQ meghatdrozé szerepét a PSII mérsé-
kelt dehidrataciot kovetd helyreallasdban.

Idézés: Siit Sz., Szigeti-Kovécs L., Marschall M. 2026: Desiccation intensity shapes PSII recovery
in the liverwort Porella platyphylla (L.) Pfeiff.: the effects of ABA hardening and xanthophyll cycle
inhibition under light and dark conditions. Bot. Kézlem. 113(1): 83-110.
https://doi.org/10.17716/BotKozlem.2026.113.1.83
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ABA: abscisic acid; ANOVA: analysis of variance; D1: PSII core D1 pro-
tein; DR: desiccation—rehydration cycle; DT desiccation tolerance; DTT: di-
thiothreitol; DW: distilled water; d.w.: dry weight; ETR(II): relative electron
transport rate of Photosystem I; F_: maximum fluorescence; F.: steady-state flu-
orescence; F initial fluorescence; Fm’: maximum fluorescence in the light-adapt-
ed state, F": minimum fluorescence in the light-adapted state; F /F_: optimal
quantum efficiency of PSII; LEA: late embryogenesis abundant (proteins); LHC:
light-harvesting complex; LHCSR: light-harvesting complex stress-related pro-
teins; MPa: megapascal; NPQ: non-photochemical quenching (NPQ = (F_/F )
- 1), PAR: photosynthetically active radiation; PPFD: photosynthetic photon
flux density, PP2C: protein phosphatase 2C; PSII: photosystem II; PsbS: PSII
subunit S; PYR/PYL/RCAR: ABA receptors (PYR/PYL/RCAR family); qE:
energy-dependent quenching (fast NPQ component); qI: slow/photoinhibitory
component of NPQ; qP: photochemical quenching coefficient; RC: reaction
centre, RCII: reaction centre of Photosystem II; RH: relative humidity; ROS: re-
active oxygen species, SE: standard error; SnRK2: SNF1-related protein kinase 2;
VDE: violaxanthin de-epoxidase; VDT vegetative desiccation tolerance; ApH:
trans-thylakoid pH gradient; ®PSII: effective quantum efficiency
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