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Abstract

Haberlea rhodopensis Friv. is unique with its ability to survive desiccation to an air-dry state during periods of extreme
drought and freezing temperatures. To understand its survival strategies, it is important to examine the protective
mechanisms not only during desiccation but also during rehydration. We investigated the involvement of alternative
cyclic electron pathways during the recovery of photosynthetic functions after freezing-induced desiccation. Using
electron transport inhibitors, the role of PGRS-dependent and NDH-dependent PSI-cyclic electron flows and plastid
terminal oxidase were assessed during rehydration of desiccated leaves. Recovery of PSII and PSI, the capacity of
PSI-driven cyclic electron flow, the redox state of plastoquinone pool, and the intersystem electron pool were analyzed.
Data showed that the effect of alternative flows is more pronounced in the first hours of rehydration. In addition, the
NDH-dependent cyclic pathway played a more determining role in the recovery of PSI than in the recovery of PSII.
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Introduction desiccation to an air-dry state. Upon rehydration, they

rapidly revive and restore their metabolic activity (Moore
Haberlea rhodopensis Friv. belongs to the group of et al. 2009). The characteristic feature of H. rhodopensis
desiccation-tolerant or resurrection plants that can survive is its ability to withstand freezing temperatures during
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winter. Similar to drought, freezing stress causes also
dehydration of plants; they survive the harsh winter
conditions in a dry state (Mihailova et al. 2020). Our
previous results revealed that exposure of H. rhodopensis
to temperatures below —6°C induces ultrastructural
changes in mesophyll cells comparable to desiccation.
However, while the complete rearrangement in the cell
commences at 20% RWC under drought stress (Georgieva
et al. 2017), it started at the beginning of freezing when
the RWC was above 60% (Mihailova et al. 2020).
Although a significant part of chloroplasts remained intact
during freezing, major rearrangements in the abundance/
organization of the main photosynthetic pigment—protein
complexes were observed (Sarvari et al. 2014). In addition,
increased thermal energy dissipation, downregulation of
photosynthesis, and high antioxidant activity enable plants
to overcome oxidative stress during chilling and freezing
temperatures (Mihailova er al. 2020, Georgieva et al.
2021).

Desiccation tolerance can be achieved either by
mechanisms of protection of cellular integrity or by
mechanisms of repair of desiccation or rehydration-
induced cellular damage (Bewley and Oliver 1992).
These mechanisms are part of the survival strategy of
resurrection plants and must be coordinated to permit
successful recovery from desiccation. Most of the studies
on resurrection plants have focused on the characterization
of protection mechanisms in the dehydration phase, while
the rehydration process has been scarcely investigated
(Gao and Wang 2012, Gao et al. 2013, Giarola and Bartels
2015). Since at the cellular level, the chloroplasts play
a dual role, as a sensor of various environmental cues
in some acclimation responses, and as a major target of
environmentally induced structural and functional changes
(Hiiner et al. 2016), the response of the photosynthetic
performance during desiccation-rehydration cycles in
resurrection plants is of major interest.

As a result of light reactions of photosynthesis, the
electron transfer between electron transport -carriers
occurred in the thylakoid membranes resulting in
accumulation of NADPH and generation of proton gradient
utilized during synthesis of ATP. The electron transport
from water in PSII to NADP" mediated by photosynthetic
electron transport carriers (PSII, PSI, cytochrome b/f,
plastoquinone, plastocyanin) is named linear electron
transport. In addition, cyclic electron transport pathways
around PSI depend solely on the PSI photochemical
performance (Shikanai 2007 and references therein).
In higher plants, two main partially redundant routes of
cyclic electron transfer were recognized — antimycin A
(AntA)-sensitive (PGR5-dependent) CEF (Arnon ef al.
1954) and NDH-dependent (Shikanai et al. 1998).
PSI-dependent CEF mediated by the chloroplast NDH
complex is different from the classical version. Although
Arnon's pathway is sensitive to AntA (Tagawa ef al. 1963),
the NDH complex is resistant to the same concentration of
AntA (Endo et al. 1997). It is well documented that under
abiotic stress conditions, CEF is stimulated to compensate
imbalance between the effectiveness of light reactions and
metabolic processes. It has been suggested that although

the two CEF pathways are partially redundant, each of
them may fulfill different functions: the NDH-dependent
pathway may serve predominantly as a safety valve that
prevents over-reduction of the stroma, while the PGR5-
dependent PSI CEF is essential and mostly involved in
maintaining the correct production ratio of ATP/NADPH
(Shikanai 2007). The significant role of CEFs in response
to cold stress has been widely discussed for Arabidopsis
thaliana (Ivanov et al. 2012) and maize (Savitch et al.
2011). There is relatively scarce data on the involvement
of CEF in plant drought and especially in rehydration.
The effect of cyclic electron flow during desiccation and
brief rehydration of the red alga Porphyra yezoensis has
been reported (Gao and Wang 2012).

Our recent studies on the recovery of photosynthetic
activity during rehydration of H. rhodopensis from
drought- and freezing-induced desiccation showed that
PSI activity recovered faster compared to PSII (Georgieva
et al. 2020). Furthermore, restoration of PSI maximum
activity was reached after 24 h of rehydration, when PSII
activity significantly increased. Thus, the contribution
of alternative electron flow pathways in the recovery of
PSI activity was suggested. Earlier, the significance of
enhanced PSI-dependent CEF for the survival of Ulva sp.
(Chlorophyta) in desiccated conditions (Gao ef al. 2011)
and the recovery from severe desiccation of intertidal
macro-alga Porphyra yezoensis (Gao and Wang 2012)
and Porphyra haitanensis (Gao et al. 2013) have been
reported. However, studies addressing the potential role of
CEF and other electron transport pathways in alleviating
the functional limitations during desiccation—rehydration
cycles in resurrection terrestrial plants species are very
limited and controversial (Huang et al. 2012, Flores-
Bavestrello et al. 2016).

In the present study, the contribution of alternative
electron flow pathways in the recovery of the photo-
synthetic activity during rehydration of Haberlea
rhodopensis plants after freezing-induced desiccation was
assessed by using specific electron transport inhibitors of
PGRS5-dependent (AntA) and NDH-dependent (HgCl,)
cyclic electron pathways, as well as, PTOX-mediated
(octyl-gallate, OG) electron flow to oxygen (Savitch et al.
2011, Ivanov et al. 2012). Recovery of photosynthetic
competence of PSII was determined by analysis of
chlorophyll (Chl) fluorescence by using of PAM fluoro-
meter and that of PSI by determination of redox state of
1)700-

Materials and methods

Plant material: Haberlea rhodopensis Friv. tufts of
shade ecotype were initially collected from the Rhodope
Mountains and further cultivated in pots with peat soil
(Stender, Schermbeck, Germany) under ex situ (outdoor)
environmental conditions. Plants were exposed to cold
and freezing temperatures during autumn and winter
(November—February). The light intensity during the
experiment was 30—60 umol(photon) m2 s™'. Low positive
temperatures did not influence the relative water content
(RWC) of leaves. But when the temperature dropped to
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about —10°C, the dehydration started and plants were in an
air-dry state during the winter. Leaf discs from dry plants
were used for rehydration in distilled water or the solutions
of specific electron transport inhibitors. The experiment
was performed in March when the rehydration started
under natural conditions.

Treatment during rehydration: Discs from selected
leaves from desiccated to the air-dried state Haberlea
rhodopensis plants were soaked in distilled water or
the solutions of studied inhibitors at the designated
concentration for different periods — for 1, 3, 5, 7, and 24 h
under illumination with light intensity corresponding to
the intensity during growth. The preliminary experiments
showed that within 24 h the leaves became fully hydrated
reaching an RWC of about 90%. Three discs were
measured at every time point for characterization of
recovery of activities of PSI (by measuring P-) and PSII
(by determination of parameters of Chl fluorescence using
PAM fluorometer). The experiment was repeated twice.

For rehydration of leaf discs in the solutions of dif-
ferent inhibitors, the following concentrations were used:
HgCl, — 100 pM; antimycin A — 10 uM; octyl gallate —
20 uM.

Pulse-modulated Chl a fluorescence: Chl a fluorescence
induction was measured with a portable fluorometer
PAM-2500 (Heinz Walz GmbH, Effeltrich, Germany).
The leaf discs were dark-adapted for 15 min and PAR of
90 pumol(photon) m2 s was used for the measurements.
The temperature during measurements was 21-23°C.
All used basic parameters were given by PamWin-3
software (Heinz Walz GmbH, Effeltrich, Germany).
The actual efficiency of PSII electron transport during
illumination was estimated at steady state as @ps; =
(Fn' — F)/Fn' (Genty et al. 1989), where F,' is the
maximum fluorescence and F; is the steady-state fluores-
cence in the light-adapted state. The ratio of fluorescence
decrease (Fq = Fi, — F) to steady-state fluorescence was
calculated as Rrq = F4/F; (Lichtenthaler and Rinderle 1988).
Excitation pressure of PSII, which gives an approximate
measure of the reduction state of the first electron acceptor
Qa of PSII, was calculated as 1 — qp, as qp is determined
by the equation qr = (F.' — Fo)/(F' — Fo) (van Kooten
and Snel 1990). The relative proportion of the energy
absorbed and dissipated as heat in the PSII antennae
(referred to as thermal energy dissipation in the antenna)
was estimated by 1 — (F,/Fy.') (Demmig-Adams et al.
1996).

For determination of the reduction state of the plasto-
quinone pool, the post-illumination transient increase of
Chl fluorescence at the Fy' level was followed (Asada et al.
1993, Mano et al. 1995).

Determination of photooxidable P,y: The redox state
of P was monitored in vivo as AAgyse absorption
changes. A Walz ED 700DW-E emitter/detector unit was
connected to a PAM 101E main control unit (Heinz Walz
GmbH, Effeltrich, Germany). P+ was oxidized by far-red
(FR) light from a photodiode (FR-102, Heinz Walz GmbH,

138

Effeltrich, Germany). The intensity of FR light was
13.4 W m. FR light was controlled by the PAM 102 unit
and applied via the multibranched fiber-optic system.
The measurement was carried out in the reflection mode.

Transient reduction of Py The changes of P during
rehydration of Haberlea rhodopensis leaves were followed
using a PAM-101/103 modulated fluorometer (Heinz Walz
GmbH, Effeltrich, Germany) equipped with an ED-800T
emitter-detector unit (Klughammer and Schreiber 1991) as
described in Ivanov et al. (1998). Discs from desiccated
leaves were dark-adapted for 15 min before the start of
measurements which were performed at 22°C and ambient
0O, and CO, conditions. Leaves were illuminated with
far-red light (Amex = 715 nm, 13.4 W m?, Schott filter
RG 715). The redox state of P was registered as the
FR-induced absorbance change around 820 nm (AAsy) in
a custom-designed cuvette.

The capacity for CEF around PSI was estimated by the
half time (t1,,) of the decay kinetics of re-reduction of P7g"
after switching off the FR illumination (Klughammer and
Schreiber 1991, Ivanov et al. 1998).

For estimation of apparent intersystem electron pool
size (Asada ef al. 1993, Savitch et al. 2011, Ivanov et al.
2012), the transient reduction of P;y* after application
of single turnover (ST, half peak 14 ps) and multiple
turnover flashes (MT, 50 ms) of saturating white light were
applied by XMT-103 and XST-103 (Heinz Walz GmbH,
Effeltrich, Germany) power/control units, respectively.
The ratio between the area of MT to the area of ST flashes
(e/Po = MT area/ST areca) represents the relative
functional pool size of the intersystem electrons able to
reduce PSI center (P"). The areas of ST and MT were
determined as the complimentary area between the
oxidation trace of Py after either ST or MT pulse excitation
and the stationary level of Ps" under FR illumination
(Asada et al. 1993, Ivanov et al. 1998).

Statistical analysis: Two rehydration cycles were
performed for each inhibitor. The measurements of Chl a
fluorescence and AAs,, absorption changes were repeated
three times per cycle using leaves from different plants
(n = 6). Comparison of means was made by the Fisher's
least significant difference (LSD) test at P<0.05 following
analysis of variance (ANOVA). A statistical software
package (StatGraphics Plus, version 5.1 for Windows,
USA) was used. Pearson's correlation coefficient (7)
was used to measure the strength of a linear association
between two variables. It was calculated in Microsoft
Excel. The formulas return a value between —1 and 1,
where 1 indicates a strong positive relationship and —1
indicates a strong negative relationship.

Results

Effect of inhibitors on the recovery of PSII activity
during rehydration: The recovery of photochemical
activity of PSII during rehydration of dry H. rhodopensis
leaves in distilled water (AD) and in the presence of
different electron transport inhibitors is presented in
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Fig. 1. Effects of electron transport inhibitors on the quantum
yield of PSII photochemistry, ®psp (4) and the vitality index,
Rrq (B) in dehydrated Haberlea rhodopensis leaf discs during
rehydration. Leaf discs were rehydrated for different periods (1, 3,
5,7, and 24 h) either in distilled water (AD) or in AD containing
100 uM HgCl,, 10 uM antimycin A (AntA), or 20 uM octyl
gallate (OG). The data are averages from three measurements in
two independent experiments (n = 6). Insert represents the results
from ANOVA statistical analyses; the same letters indicate no
significant differences assessed by the Fisher's least significant
difference (LSD) test at P<0.05. All values represent mean
values + SE.

Fig. 14. The quantum efficiency of electron transport,
Opgy, which was completely inhibited in dry leaves,
showed fast recovery reaching maximum value after
24 h of rehydration when leaves regain their RWC. This
parameter is proportional to the product of photochemical
quenching (qp) and the efficiency of excitation capture by
open PSII reaction centers (F,'/F.") (Genty et al. 1989).
The recovery of ®pgy during rehydration of dry leaves
in AD was due to both the increased proportion of open
PSII centers (qr) and the efficiency of their excitation
capture (data not shown). Indeed, the high correlation
coefficient of Pearson was determined for the rehydration
induced changes in ®ps; and qp (» = 0.983) and F,'/F,'
(r = 0.998). The rehydration of dry discs in the presence
of AntA, inhibiting PGR5-dependent PSI CEF, and HgCl,,
inhibiting NDH complex, slightly decreased the ®pgy
values but the differences were statistically significant
only for 24-h rehydration in the presence of HgCl,
(Fig. 14). Similar changes were observed in the values of
the ratio of Chl a fluorescence decrease to the steady-state
Chl a fluorescence (Rrq) but they were better expressed

compared to @psy; (Fig. 1B). Rrq covers the whole process
of photosynthesis, including the full induction period,
the transition of the photosynthetic apparatus from the
nonfunctional state 1 to its functional state 2, and also the
photosynthetic CO, fixation (Lichtenthaler and Rinderle
1988, Lichtenthaler and Mieché 1997). Thus, Rgs values
permit a fast screening of the photosynthetic activity and
vitality of plants under stress. The results clearly showed
that rehydration in the presence of octyl gallate (OG) that
inhibits the plastid terminal oxidase (PTOX), significantly
reduced the Ryq values (Fig. 1B).

The values of excitation pressure (estimated by 1 — qp)
were close to 1 in an air-dry state (Fig. 24) and its values
significantly decreased even after 1 h of rehydration in
AD but remained higher in the presence of all inhibitors
used. However, with increasing the photochemical activity
of PSII, the values of 1 — qp decreased in the course of
rehydration of dry leaves in the other inhibitors (Fig. 24).
Similar to excitation pressure, the relative proportion of
the energy absorbed and dissipated as heat in the PSII
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Fig. 2. Effects of electron transport inhibitors on the relative
reduction state of PSII measured as (1 — qp) (4) and the relative
proportion of the energy absorbed and dissipated as heat in
the PSII antennae estimated as 1 — (F,/F.') (B) in dehydrated
Haberlea rhodopensis leaf discs during rehydration. Leaf discs
were rehydrated for different periods (1, 3, 5, 7, and 24 h) either
in distilled water (AD) or in AD containing 100 pM HgClL,
10 uM antimycin A (AntA), or 20 uM octyl gallate (OG). The
data are averages from three measurements in two independent
experiments (n = 6). Insert represents the results from ANOVA
statistical analyses; the same letters indicate no significant
differences assessed by the Fisher's least significant difference
(LSD) test at P<0.05. All values represent mean values + SE.
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antennae (1 — F,'/F,,") decreased as a result of rehydration
in the presence of the other inhibitors (Fig. 2B).

Recovery of PSI during rehydration in presence
of inhibitors: The effect of different inhibitors on the
recovery of PSI activity was assessed by measuring the
extent of FR light-induced absorbance change at 820 nm
(AAsx860), which reflects the oxidation of P to P
(Fig. 34). Fast enhancement in the activity of PSI was
observed even after 1 h of rehydration of dry leaf discs
in AD. In contrast to PSII, which activity increased upon
rehydration up to 24 h (Fig.14), the values of AAg-s60
reached a maximum after 3 h of rehydration, remained
unchanged until 7 h, and slightly decreased after 24 h.
Comparison of the recovery of PSII and PSI activity in
AD showed faster recovery of PSI, which was confirmed
by a comparatively low correlation coefficient of Pearson
for the rehydration induced changes in ®@ps; and AAgy
(r = 0.584). In addition, the effects of different electron
transport inhibitors were more pronounced on PSI activity
compared to PSII. The recovery of photochemical activity
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Fig. 3. Effects of electron transport inhibitors on the steady-state
levels of far-red (FR) light-induced P70 photooxidation (P70")
measured by AAsx.se0 (4) and half-times of Pq" re-reduction
(t12) after turning off the FR light illumination (B) in dehydrated
Haberlea rhodopensis leaf discs during rehydration. Leaf discs
were rehydrated for different periods (1, 3, 5, 7, and 24 h) either
in distilled water (AD) or in AD containing 100 pM HgCl,
10 uM antimycin A (AntA), or 20 uM octyl gallate (OG). The
data are averages from three measurements in two independent
experiments (n = 6). Insert represents the results from ANOVA
statistical analyses; the same letters indicate no significant
differences assessed by the Fisher's least significant difference
(LSD) test at P<0.05. All values represent mean values + SE.
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of PSI was less affected by AntA than by the other
inhibitors. A significant reduction in PSI activity was
observed in the presence of OG and HgCl, (Fig. 34).

When the far-red light was turned off, the kinetics of
the subsequent P decay in the dark are presumed to
reflect primarily the rates of cyclic electron transport
around PSI (Maxwell and Biggins 1976, Ravenel et al.
1994) and/or the interaction of stromal components with
the intersystem electron transport chain (Asada er al.
1992). The rates of P4" re-reduction were 3-fold faster in
dry leaves during the whole time interval of rehydration
measured and regardless of inhibitors used during
rehydration compared to control nondehydrated plants
(ti., = 2.97 + 0.32 for control plants), thus indicating a
higher capacity for CEF around PSI in desiccated plants
and during the rehydration (Fig. 3B).

Estimation of intersystem electron pool and PQ pool
reduction: In Fig. 44, the typical trace of P oxidation—
reduction transients demonstrating the effects of ST and
MT flashes are presented. The application of ST flash of
white light caused a fast chemical reduction of the steady-
state level of FR-induced P7o" followed by fast reoxidation
back to the steady-state level of Pso". This represents the
transient electron flow from PSII, thus giving a relative
measure for functional PSII complexes (Losciale et al.
2008, Ivanov et al. 2012). Application of MT resulted
in an almost full reduction of Pp" caused not only by
electrons produced in PSII, but also by electrons donated
to the intersystem electron pool from the stroma (Asada
et al. 1992, 1993). The ratio between areas of MT and
ST represented the apparent functional electron (e”) pool
size, i.e., number of e per PSI (Fig. 4B). The maximum
level of intersystem electrons that can be donated to PSI
for leaf discs rehydrated over pure water was reached
after 5 h of rehydration. In the presence of AntA, the
maximum was reached at 3 and 5 h, for OG at 7 h,
while for HgCl,, the maximum was observed after 3 h
of rehydration. Not surprisingly, considering the limited
capacity for LEF (Fig. 14), the size of the intersystem
electron pool was 3- to 4-fold lower in rehydrated leaf
discs regardless of inhibitors used during the time course
of rehydration compared to nondesiccated leaves (¢7/P7g =
7.52+0.82,n=11).

The extent of dark-reduction of PQ pool by stroma
reductants and/or intersystem electron pool was evaluated
by recorded post-illumination increase of F,' transients
for 100 s. Measurements were performed on freezing-
desiccated leaf discs of H. rhodopensis after rehydration
for different periods either over AD or over AD in presence
of different electron transport inhibitors (Fig. 5). For leaf
discs, rehydrated for 1 h in AD, after 60 s, a transient over-
reduction of the PQ pool was detected; it was significantly
reduced after 5 h of rehydration and additionally reduced
after 24 h of rehydration (Fig. 54).

For leaf discs, rehydrated for 1 h in the presence of
electron inhibitors, the extent of dark-induced reduction of
PQ pool proceeded with a much slower rate — the reached
level after 90 s represented 73% of the transient from F; to
Fo' for AntA, and 27% for OG and HgCl,.
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Fig. 4. Typical trace of far-red (FR) light-induced P7 transients
measured at 820 nm. After reaching a steady-state level of P
oxidation (P70") by FR illumination, single-turnover flash (ST)
and multiple turnover flash (MT) pulses of white saturating light
were applied (4). Effects of electron transport inhibitors on the
apparent electron donor pool size to PSI (e/P7") as a function
of the rehydration time of Haberlea rhodopensis leaf discs (B).
Leaf discs were rehydrated for different periods (1, 3, 5, 7, and
24 h) either in distilled water (AD) or in AD containing 100 pM
HgCl,, 10 uM antimycin A (AntA), or 20 uM octyl gallate (OG).
The data are averages from three measurements in two
independent experiments (n = 6). Insert represents the results
from ANOVA statistical analyses; the same letters indicate no
significant differences assessed by the Fisher's least significant
difference (LSD) test at P<0.05.

For the longer period of rehydration in the presence of
inhibitors, 5 h, the level of PQ pool reduction increased
in comparison with 1 h of rehydration. After 24 h, the
leaf discs were completely rehydrated and the trace of
dark-induced increase of F,' showed an intermediate
position — between those rehydrated for 1 and 5 h. The
presented results also clearly indicate that application of
electron transport inhibitors of PGRS- (Fig. 58), NDH-
dependent (Fig. 5C) CEFs, and PTOX-mediated electron
transfer to O, (Fig. 5D) strongly reduced the extent of

post-illumination (dark) increase of F,' during rehydration,
compared to the same process occurring only in water.
Considering that nonphotochemical (dark) increases of Fy'
have been attributed to the reduction of PQ pool related
to PSI-dependent CEFs (Fisher and Kramer 2014), it is
clear that the capacity for CEFs was greatly reduced in the
presence of all electron transport inhibitors used.

Discussion

Resurrection plants are unique with their capability to
tolerate desiccation up to the air-dried state. This capability
is based on different mechanisms that include regulation
of metabolism, subcellular reorganization, and stimulation
of different antioxidant strategies (for review see Farrant
et al. 2007, Morse et al. 2011, Giarola et al. 2017, Liu
et al. 2019). As one of the most sensitive to environmental
stress conditions, photosynthesis is considerably concerned
under desiccation. The recovery from desiccation during
plant rehydration is a complex and complicated process
that allows consecutive restoration of main photochemical
and biochemical processes leading to the recovery of net
photosynthesis and full recovery of plants. The studies on
resurrection plants have focused mainly on the protective
mechanisms in the dehydration phase but no sufficient
attention was paid to the characterization of rehydration
processes (Giarola and Bartels 2015). While the later
phase of the rehydration, when the plants regained almost
full water content, is well studied, the earlier phase (first
hours of rehydration) has remained out of the researchers'
attention. Recently, we reported an analysis of the
recovery process of H. rhodopensis plants desiccated as a
result of drought or as a result of freezing comparing the
recovery of photochemical activities of both photosystems
and reorganization of main pigment—protein complexes
(Georgieva et al. 2020). It has been shown that during
rehydration PSI recovered earlier than PSII and that
during the first hours of rehydration, prominent alterations
in the energy transfer between photosynthetic complexes
occurred.

In agreement with previous studies on resurrection
plants (Huang et al. 2012, Zia et al. 2016), our experimental
results also demonstrate that the inhibition of linear
photosynthetic electron flow (LEF) in winter desiccated
H. rhodopensis plants is associated with a substantial
increase in the CEF. This is in full agreement with earlier
transcriptomic data suggesting the presence of NDH
complex in H. rhodopensis (Liu et al. 2018) and its possible
role as a component of CEF (Mladenov ef al. 2015).
Upregulation of PSI-dependent CEF was suggested to play
a significant role in photoprotection of the photosynthetic
apparatus in the resurrection plants Paraboea rufescens
(Huang et al. 2012) and Craterostigma pumilum (Zia
et al. 2016) against drought/dehydration stress. However,
the possible involvement of CEF and/or alternative
electron flows during rehydration of desiccated plants,
which determine the recovery of photosynthetic activities,
has never been studied.

The experimental results presented in this study
confirm our recent observation (Georgieva et al. 2020)
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that PSI photochemistry recovered much faster, reaching
almost full recovery after 3-h rehydration (Fig. 34),
compared to PSII activity which increased gradually and
did not fully recover before 7 h of rehydration (Fig. 14).
In addition, the differential impact of the inhibitors of
alternative electron pathways on the recovery dynamics
of both photosystems demonstrates that PSI is more
sensitive than PSII. Inhibition of PGR5-dependent CEF
by AntA did not affect the recovery of PSII, but in its
presence, the activity of PSI was restored only to 80%
of that detected for leaf discs in AD. In addition, AntA
drastically reduced the post-illuminational (dark) increase
of Fy' (Fig. 5B) compared to plants rehydrating in water
(Fig. 5B), thus clearly suggesting the involvement of the
PGRS5-dependent CEF pathway in the recovery from cold-
induced desiccation. Similar, AntA-induced reduction of
the post-illuminational F,' increase was reported earlier in
cold-acclimated Arabidopsis plants (Ivanov et al. 2012).
Elimination of PGRS5-dependent CEF in AntA-treated
maize discs led to the nearly complete prevention of Fy'
increase, i.e., over-reduction of intersystem electron
transport chain in cold-stressed plants (Savitch er al.
2011). PGR5-dependent CEF is dominant in C; plants,
especially under stressful conditions, such as drought,
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high light, or low CO,, and is essential for inducing g,
thus determining its significance for photoprotection
and preventing PSI from photodamage (Munekage ef al.
2002, 2004; DalCorso et al. 2008).

A similar effect was observed when NDH-dependent
CEF was blocked by rehydrating the leaf discs in the
presence of HgCl,, while the recovery of PSII activity,
although slightly reduced, followed the kinetics observed
in AD (Fig. 14), the recovery of PSI was even more
inhibited compared to AntA-treated plants (Fig. 34). This
prevents over-reduction of PQ and, on the other hand,
makes it difficult to extract electrons from the acceptor
side of PSI, thus creating favorable conditions for PSII
recovery, but preventing PSI recovery.

In C; plants, the PGR5-dependent CEF is the major
pathway and NDH-dependent is the minor and it has
been shown that the loss of NDH-related CEF exhibited
a minimal effect on the acclimation and growth of
Arabidopsis (Shikanai and Yamamoto 2017). Although
some differences between AntA and HgCl, in respect
to the time dependence of post-illumination transients
were observed, the experimental results (Fig. 5) suggest
that both AntA-sensitive (PGR5-dependent) and HgCl,-
sensitive (NDH-dependent) PSI-driven cyclic electron
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flows are involved in the rehydration process of desiccated
H. rhodopensis plants.

The plastid terminal oxidase (PTOX) is involved not
only in chlororespiration but also participates in alter-
native electron transport flows by transferring electrons
from PQ directly to oxygen, thus serving as an effective
electron transport sink (Cournac et al. 2000, McDonald
et al. 2011). Inhibition of PTOX by OG significantly
reduced reoxidation of PQ in cold-acclimated Arabidopsis
plants (Ivanov et al. 2012). The importance of this electron
transfer sink in alleviating various environmental stress
conditions is supported by the upregulation of PTOX in
light and heat-stressed Brassica (Diaz et al. 2007), salt-
stressed halophyte Thellundiella (Stepien and Johnson
2009), as well as in cold-acclimated Lodgepole pine
(Savitch ef al. 2010) and Arabidopsis thaliana (Ivanov
et al. 2012). Our data support the involvement of
PTOX-dependent electron transfer sink in the recovery
of photosynthetic performance of both photosystems.
Our observations clearly showed that rehydration in the
presence of OG, which inhibits the plastid terminal oxidase
(PTOX), significantly reduced the Rrq values. In the view
of current models, the functioning PGR5-dependent and
NDH-dependent alternative electron transport pathways
provided not only protection of over-reduction of electron
transport chain but also the formation of proton motive
force needed for ATP synthesis (Shikanai and Yamamoto
2017). In addition, the chlororespiration PTOX might
be involved in the initiation of cyclic electron transfer
reactions around PSI by regulating the redox state of the
intersystem electron carriers (Peltier and Cournac 2002).
The regulation of the redox state of PQ by chlororespiration
could also affect the efficiency of NAD-independent cyclic
pathways, such as the AntA-sensitive pathway. Recently,
the involvement of cyclic electron flow around PSI has
been identified as a major factor responsible for increased
tolerance to desiccation of Porphyra yezoensis — during
desiccation the PSI-driven electron flow was considerably
enhanced and kept stimulated during rehydration (Gao
and Wang 2012). The authors did not observe any effect
of AntA on CEF in Porphyra yezoensis. The reason
for this discrepancy can be that this species is quite
different from higher plants and also due to the different
experimental setup applied. Our data showed that the
alternative cyclic electron pathways — PGRS5-dependent
and NDH-dependent — played a significant role in the
recovery of PSI and PSII photochemical competence. By
the effect of different inhibitors, it could be concluded that
during the recovery of H. rhodopensis from desiccation,
the NDH-dependent cyclic electron pathway played a more
determining role in the recovery process of PSI and to the
lesser extent of PSII. It has been reported that in response to
environmental stress, the expression of the NDH complex
and the activity of chlororespiration increased (Peltier
and Cournac 2002, Savitch et al. 2011). In addition, it is
worth noting that the influence of alternative flows is more
pronounced in the first hours of rehydration. It has been
shown that during desiccation the homoiochlorophyllous
plant (Craterostigma pumilum) retain their photosynthetic

apparatus at least in part via structural reorganization and
rearrangement of pigment—protein complexes (Charuvi
et al. 2015) that permitted them to recover photosynthetic
activities during consecutive rehydration for 24 h.

It is important to note that although the restricted PSII
activity in winter-desiccated H. rhodopensis almost fully
recovered during the rehydration (Fig. 14), the capacity
for CEF remained high and did not recover during the
same period (Fig. 3B). Earlier studies reported a similarly
slow recovery of CEF in Scots pine recovering from
winter depression of photosynthesis (Ivanov et al. 2001)
and during rehydration of desiccated Porphyra yezoensis
(Gao and Wang 2012). We suggest that a high capacity
for CEF is needed to supply extra ATP for rebuilding the
photosynthetic apparatus during the recovery process until
the capacity for CO, assimilation serving as the major
electron sink is recovered (Yang ef al. 2020).

Conclusions: In green plants, the ATP/NADPH stoichio-
metry generated by the linear electron flow from water
to NADP® is estimated to be 1.29 and generates 2.6
molecules of ATP per 2 molecules of NADPH (Sacksteder
et al. 2000, Allen 2003), which is far from sufficient for
sustained operation of the Calvin—Benson—Bassham
(CBB) cycle requiring ATP/NADPH ratios of 1.5 and
1.75 for CO, fixation and photorespiration, respectively,
under optimal environmental conditions (Walker et al.
2016). It is clear that even under optimal conditions, LEF
alone cannot generate enough ATP to support and sustain
primary metabolism. Under severe environmental condi-
tions, such as desiccation and especially in the early stages
of recovery from desiccation in resurrection plants, when
the LEF is still strongly reduced, an additional source of
ATP is required. We believe that upregulation of both,
partially redundant PGRS- and NDH-dependent CEFs
reported in this study, can compensate the restricted
LEF in providing the additional source of ATP (Yamori
et al. 2011) and both alternative CEF pathways are
indispensable in the process of recovery of Haberlea
rhodopensis from freezing-induced desiccation (Fig. 65).
However, the elevated CEFs may cause over-reduction
of the photosynthetic electron transport carriers including
the primary electron acceptor of PSII (Q,). This would
require activation of alternative oxygen-dependent
electron pathways that can directly oxidize the PQ
pool (Fig. 6, dark blue dotted arrows) thus avoiding its
over-reduction. Our results demonstrate that the excess
electrons can be diverted from the LEF and utilized
through the enhanced PTOX-mediated alternative electron
transfer to O, (Fig. 6B, dark blue dotted line). The higher
abundance of PTOX protein reported in various cold
stressed/acclimated (Savitch ef al. 2010, McDonald ef al.
2011, Ivanov et al. 2012) plants supports this suggestion.
In addition, the Mehler—ascorbate peroxidase pathway
(WWC) (Asada 1999) has been also shown to effectively
serve as an alternative electron sink (Fig. 6B8) and this
pathway may also be upregulated under low temperatures
(Savitch et al. 2009). The enhanced capacity of both
PTOX-dependent transfer to O, and WWC when the
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Fig. 6. Simplified overview of electron transport pathways (dark blue arrows) within the thylakoid membranes of Haberlea rhodopensis
acclimated to different growth conditions. (4) During the growth and development of Haberlea rhodopensis plants under optimal
temperature conditions the PQ pool remains preferentially oxidized because the rate of consumption of photosynthetic electrons through
metabolic sinks (carbon-fixing reactions) keeps pace with the rate at which PSII undergoes charge separation to reduce the PQ pool.
Under these conditions, the linear photosynthetic electron flow (dark blue solid arrows) from PSII (water splitting) to PSI (NADP*
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and gray (inactive) dashed arrows]: NDH-dependent and FQR(PGRS5)-dependent might also be involved. (B) Exposure of Haberlea
rhodopensis plants to winter conditions results in severe dehydration and reduction of PSII photochemistry, the linear electron flow,
and CO, assimilation (Fig. 1) compared to control plants. Under these conditions imposing strong limitations at the acceptor side of
PSI, the excitation pressure over PSII increases, and the PQ pool becomes predominantly reduced (Fig. 2). The excess electrons not
utilized by carbon metabolism can be recirculated by the NDH- and/or FQR-dependent PSI-dependent CEF pathways and/or diverted
from the linear electron flow and utilized through alternative oxygen-dependent electron sinks. Our results demonstrate that both
PSI-dependent cyclic electron transport pathways: NDH-dependent and FQR(PGRS)-dependent (blue dashed arrows) are upregulated
in winter-dehydrated plants and during recovery from dehydration. In addition, the alternative PTOX-dependent electron donation to
oxygen (blue dotted arrow) is also involved in diverting electrons from the photosynthetic electron transport chain under the same
conditions.
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