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Abstract

Dehydration affects the photosynthetic apparatus. The impact of dehydration on photosynthesis was assessed in
twelve Mediterranean species representing different growth forms. Rapid and slow dehydration experiments were
conducted to (/) compare the impact of water stress among species and growth forms, (2) rank species according
to their drought tolerance. Rapid dehydration reduced the electron transport up to PSI, the reduction being linearly
related to leaf relative water content (RWC), except for the deciduous species. Specific energy fluxes per reaction
center and maximum photochemical activity of PSII remained relatively stable until 10-30% RWC. The modification
pattern of the studied parameters was similar for all the growth forms. Slow rehydration increased specific energy
fluxes and decreased quantum yields. The dehydration pattern was similar among growth forms, while the recovery
pattern was species-specific. Drought tolerance ranking through drought factor index was relatively modified with the
integrated biomarker response method.
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Introduction and high-light intensities, during the prolonged summer
period. The integrated result of these multiple stressors is

Plant species of semi-arid areas confront water shortage a complex ecophysiological response from the different

periods of varying intensity and duration (Galmés et al. species according to their repertoire of adjustments to the

2012, Flexas et al. 2014). Drought, in regions with the prevailing environmental conditions (Grammatikopoulos

Mediterranean climate, coexists with high temperatures and Manetas 1994, Nogués and Alegre 2002, Galmés et al.
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2007, Koller et al. 2013). Water stress poses stomatal
and nonstomatal restrictions on plant photosynthesis
affecting photochemical and metabolic reactions (Flexas
and Medrano 2002, Lawlor and Cornic 2002, Chaves
et al. 2009, Lawlor and Tezara 2009), while the crucial
role of mesophyll conductance has also been recognized
(Flexas et al. 2012). As a consequence, plant reactions
vary and include long-term and short-term adjustments in
their morphology, anatomy, physiology, biochemistry, and
biophysics (Chaves et al. 2003).

Photochemistry can be considered as one of the com-
ponents which participate in the nonstomatal limitation of
photosynthesis under various abiotic stresses. It is usually
influenced by feedback regulation mechanisms that serve
coordination of the energy-producing photochemistry
procedure and the energy-utilizing biochemical procedures
which are earlier affected during the dehydration process.
However, photochemistry can also be directly affected by
water stress. The photochemical activity was generally
more resistant to water stress than biochemical activity
or diffusion procedures, under high or moderate water
content (50-95%) in most of the studied species. Yet,
crops and species of temperate climates experience
reductions in electron transport rates and photochemistry
yields at earlier stages of leaf dehydration than native
plants of arid or semi-arid environments (Lawlor and
Cornic 2002). Field measurements alone, although reflect
the real responses of a plant during the drought period,
are not sufficient to distinguish between direct and
indirect effects on photosynthesis due to co-change of
other crucial environmental parameters like temperature.
The sensitivity of photosynthesis to dehydration in
terms of maximum photosynthetic rates during summer
or in terms of minimum water potential at which net
photosynthesis remains positive has been studied in
different Mediterranean species.

Chlorophyll (Chl) prompt fluorescence transient
analysis (JIP-test) has been continuously improved in
the last ten years to estimate the responses of the photo-
synthetic machinery to various stresses, step by step,
distinguishing the different phases of energy flow through
the photosystems (Strasser er al. 2004, Kalaji et al.
2016). There is an increasing interest for modifications
of fast fluorescence induction transients by water stress
and various crop plants have been studied the last years
(Oukarroum et al. 2007, 2009; Redillas et al 2011,
Goltsev et al. 2012, Gomes et al. 2012, Guha et al. 2013).
Native plants, such as desert scrub species (van Heerden
et al. 2007), a resurrection plant (Strasser et al. 2010),
and Quercus species (Bussotti 2004, Koller et al. 2013),
have also been used in some case studies. The parameters
that were most affected by dehydration were those related
to yields and probabilities of electron flow through
photosystems.

Since the introduction of the JIP-test (Strasser et al.
2000, Tsimilli-Michael and Strasser 2008), it was
mentioned the need for some general performance indices
(PIs) which would include more than one Chl a fluorescence
parameter. At the same time, Beliaeff and Burgeot (2002),

Broeg and Lehtonen (2006), and Ferreira et al. (2015)
introduced an alternative approach to making the most of
any multiparametric data for the detection of stress impact
on plants, namely the integrated biomarker response (IBR)
tool. Recently, the IBR approach was used for the creation
of a photochemical stress index (PSI), which integrated
several parameters extracted from the OJIP transients
(Duarte et al. 2017). The photochemical stress index (PSI)
in that study was proposed as a reliable and sensitive index
of the developmental stage of seagrass beds and their
growth capacity in endangered environments. Moreover,
the importance of the IBR-based photochemical indices in
detecting abiotic stresses on photosynthetic organisms has
been further emphasized by Stirbet ef al. (2018).

The present study aimed to investigate the sensitivity
of photochemistry in terms of OJIP transients concerning
either leaf dehydration degree under a laboratory protocol
or to leaf dehydration duration and recovery under a field
protocol. Various native Mediterranean species belonging
to different growth forms were studied, such as evergreen
sclerophylls, semi-deciduous, deciduous, and winter or
summer annuals. More specifically, we tried to: (/) gain
more insight into the effects of dehydration on each
sub-step of energy flow through photosystems and reveal
any differences between species or plant growth forms,
(2) investigate if the species or the growth forms share
similar patterns of recovery from dehydration, and
(3) rank the drought tolerance of the species based on a
new drought photochemical index which integrates several
parameters of the JIP-test.

Materials and methods

Plant material: Twelve common Mediterranean species
were selected for leaf rapid dehydration experiments
(laboratory experiments), including the perennial sclero-
phylls Arbutus unedo L., Ceratonia siliqua L., Laurus
nobilis L., Nerium oleander L., Olea europaea L.,
and Pistacia lentiscus L., the semi-deciduous Cistus
creticus L., Phlomis fruticosa L., and Salvia officinalis L.,
the summer annual Capparis spinosa L., the winter
annual Malva sylvestris L., and the deciduous Cercis
siliguastrum L. (Table 1S, supplement). Leaves from
individuals of the above-described species were collected
from natural populations growing in the country area
surrounding the University campus (38.2°N, 21.5°E).
For the drought stress and recovery experiment (slowly
imposed dehydration), potted plants under natural
environmental conditions were used. Two-year-old
individuals of 4. unedo, C. siliqua, L. nobilis, N. oleander,
C. creticus, P. fruticosa, and S. officinalis (Table 15),
were obtained from local forest nurseries and transplanted
into plastic pots containing a mixture of commercial
peat soil and soil collected from the surrounding natural
habitat. Potted plants were placed in a protected area of
the University campus. The drought stress and recovery
experiments were conducted during May, June, and July,
including an acclimation period of two months.
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Rapid dehydration experimental protocol: Thirty leaves
from each species were selected, according to specific
criteria  including maturity (Chondrogiannis and
Grammatikopoulos 2016), exposure to full sunlight
(southern exposure), and a high value of maximum
quantum yield of primary photochemistry (F./Fn =
0.800-0.850). F,/F,, was recorded in situ with a portable
fluorimeter after 60 min of dark adaptation. Leaf discs of
1 cm in diameter, were punched from the selected leaves,
transferred within small, sealed plastic bags to the lab,
and placed in Petri dishes floating on distilled water for
24 h in order to become fully turgid, and then turgid mass
was measured. Consequently, the leaf discs were placed
on filter paper and were progressively dehydrated under
laboratory conditions (T = 23-25°C, RH = 40-50%).
At regular intervals (30—-60 min), the fresh mass of discs
and corresponding Chl a fluorescence transients were
measured, until leaf discs were almost desiccated. Five
extra leaf discs, serving as controls, were simultaneously
measured at the same intervals but floated each time back
on distilled water to retain their initial turgidity. At the end
of the experiment, all discs were put in 80°C for 24 h, and
dry mass was measured. RWC was calculated as described
below.

Slow dehydration and recovery experimental protocol:
Potted plants of four evergreen sclerophylls and three
semi-deciduous species as mentioned above (Table 1S)
were selected for the drought stress and recovery
measurements. Twenty individuals from each species were
randomly arranged into two groups. One group (treatment)
was subjected to water stress and recovery and the other
one served as control. Water stress applied by withholding
water for 15 d. The water stress period was followed by
7 d of rewatering. Twenty leaves from each group were
selected and labeled. The selection was based on their
maturity (Chondrogiannis and Grammatikopoulos 2016)
and F,/F,, values measured before the commencement of
the experiment. Both water status and Chl a fluorescence
induction were estimated through RWC measurement and
fluorescence kinetics analysis, respectively. RWC was
calculated as an average of five measurements, in leaves
randomly selected from each group. For Chl a fluorescence
recording, predawn measurements were performed on the
selected (labeled) leaves. Measurements were conducted
at the onset of the experiment, 7 (one week), 12, and
15 (two weeks) d after water withholding, and 1 and 7 d
after rewatering.

Relative water content (RWC) was measured with the
leaf disc floating method according to Turner (1981) using
the equation RWC = (FM — DM) x 100/(TM — DM), where
FM is fresh mass, DM is dry mass and TM is turgid mass.
In both experiments, leaf discs were punched from leaves.
Discs were floating on distilled water in covered Petri
dishes for 24 h, an appropriate time according to preliminary
trials and previous work (Petsas and Grammatikopoulos
2009, Chondrogiannis and Grammatikopoulos 2016)
to become fully turgid, and TM was measured. During
laboratory, rapid dehydration experiments, discs were
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progressively dehydrated, and FM was recorded at regular
intervals. At the end of the experiment, discs were oven-
dried at 80°C, for about 24 h and DM was obtained.
To quantify the degree of dehydration during the slow
dehydration experiment, RWC was estimated at regular
intervals during both the water stress and the recovery
phase.

Chl fluorescence parameters and JIP-test: Chl fluo-
rescence transients (OJIP curves) were recorded by
HandyPEA (Hansatech Instruments Ltd., King's Lynn
Norfolk, UK). All measurements were conducted on
mature leaves or leaf discs punched from them, after
dark adaptation for at least 60 min. A bank of three red
LEDs (peak at 650 nm) providing 3,000 pmol(photon)
m~2 s was used for excitation. Fluorescence was recorded
from 10 ps to 2 s with intervals of 10 ps, 100 ps, 1 ms,
10 ms, and 100 ms between the readings, for periods of
10-300 ps, 0.3-3 ms, 3-30 ms, 30-300 ms, and 0.3-2 s,
respectively. Cardinal points used for further calculation
of biophysical parameters were the following: maximal
fluorescence intensity (F., when all RCs are closed),
minimum fluorescence intensity (Fo, when all RCs are
open), and fluorescence intensity at 2 and 30 ms, at the J
and I steps, respectively (Fy and Fy), and at 300 us (Fsoo.s)-
Relative variable fluorescence at J [V; = (F; — Fo)/(Fn — Fo)]
and I [V = (Fi — Fo)/(Fm — Fo)] steps, and at 300 ps
[Vk = (Fx — Fo)/(Fn — Fo)] was also used. Fluorescence
data were then transformed in a logarithmic time scale
and the derived polyphasic curve was analyzed according
to JIP-test (Strasser et al. 2004) as extended to analyze
events around PSI (Oukarroum et al. 2009, Stirbet and
Govindjee 2011, Ceppi et al. 2012). The parameters
derived from the JIP-test are based on the original energy
flux theory (Strasser et al. 2004, Stirbet et al. 2018).
Despite the main assumption that the shape of OJIP
fluorescence rise reflects changes in redox states of the
donor and acceptor side of PSII, other mechanisms may
also contribute to the stepwise polyphasic rise. Thus,
mechanisms, such as trans-thylakoid electric voltage,
electron transport through the inactive branch in PSII,
and recombinations between PSII electron acceptors
and donors, should be also taken into account in order
to explain the OJIP shape modifications (Lazar 2006).
Calculations and descriptions of used parameters are
as following: ¢Py = TR(/ABS = F,, — F¢/Fn, maximum
quantum yield of primary PSII photochemistry; yE, =
ET/TR, = 1 — V,, efficiency/probability with which
a PSII trapped electron is transferred from Qa to Qg;
¢Eo = ET(/ABS = 1 — Fy/F, = @Py X yE,, quantum yield
of the electron transport flux from Qa to Qg; Ry =
REJV/ET, = (1 — V)/(1 — V)), efficiency/probability
with which an electron from Qg is transferred until PSI
acceptors; 0Ry = RE(/ABS =1 — F\/F,, = Py X yE, X 0R,,
quantum yield for reduction of end electron acceptors
at the PSI acceptor side; ABS/RC = (Mo/V;) x (1/¢Py),
absorbed photon flux per reaction center; TR/RC = My/Vy,
trapped excitation flux (leading to Qa reduction) per
reaction center; ETo/RC = (My/V;) x (1 — V)), electron
transport flux (further than Q) per reaction center;
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DIy/RC = (ABS/RC — TR(/RC), dissipated energy flux per
reaction center; 1 — V; = (Fn — F))/(Fn — Fo), a measure
of relative amplitude of the IP phase in OJIP transient,
related to the size of the pools of final PSI electron
acceptors; Vi/V; = (Fsoous — Fo)/(F; — Fo), a measure of the
relative amplitude of K-band, related to oxygen evolving
complex inactivation; Plags = (RC/ABS) x @Po/(1 — ¢Py) x
vEy/(1 — yEy), potential for energy conservation from
exciton to the reduction of Qgp; Pliw = Plaps % OR¢/(1 —
dRy), potential for energy conservation from exciton to the
reduction of PSI end acceptors.

Drought factor index (DFI): To rank the relative drought-
induced reduction of photosynthetic performance of
evergreen sclerophylls and semi-deciduous species, we
modified the drought factor index (DFI) as introduced
by Oukarroum et al. (2007) by the integrated biomarker
response (IBR) analysis as introduced by Beliaeff and
Burgeot (2002), Broeg and Lehtonen (2006), and Ferreira
et al. (2015) and specified regarding Chl fluorescence
parameters by Duarte et al. (2017) and Stirbet et al.
(2018). DFI was calculated as DFI = logA + 2logB,
where according to Oukarroum et al. (2007) A is the
relative performance index measured at the end of the
first week of drought and B is the relative performance
index measured at the end of the second week of drought
stress. The formula emphasizes the importance of a longer-
term tolerance, giving twice the relative PI after two
weeks of drought stress compared to the relative PI after
one week of drought stress. Our modification includes the
production of a new photochemical drought index (PDI),
that was calculated according to the integrated biomarker
response (IBR) analysis (Duarte ef al. 2017, Stirbet et al.
2018, Tseliou et al. 2021). The new PDI replaced the
performance index in the DFI formula. The PDI integrates
the effect of drought on eleven of the Chl fluorescence
parameters calculated from the JIP-test in comparison with
the performance index which combines three parameters.
The calculation procedure for PDI includes seven steps
which are described in detail in the Appendix 1.

Statistical analyses: The statistical analysis was conducted
with the software package SPSS v.21 (IBM SPSS).
Significant differences between treatment means for RWC
and Pl in the in vivo experiments were determined by
independent samples #-test. The normal distribution of the
corresponding data was previously checked through the
Kolmogorov—Smirnov test, as Chl fluorescence data often
are not normally distributed (Lazar and Naus 1998).

Results

Rapid dehydration (laboratory experiment): To observe
rapid, direct effects of dehydration degree on photosyn-
thetic apparatus of twelve Mediterranean species belonging
to various growth forms, the JIP-test was applied to leaf
discs under stable conditions (T = 23-25°C, RH = 40—
50%) and in the absence of light. The RWC values ranged
between 100% (commencement of the measurements after

water saturation of discs) and 5% (severe dehydration).
The duration of the dehydration process was fast but varied
among species and lasted 8—10 h in evergreen sclerophylls
and 5-7 h for the rest of the species.

In Fig. 1, representative prompt fluorescence transients
from one species (C. creticus) derived at different RWC
are shown, for the fast dehydration (Fig. 14,C.E,G)
against slow dehydration (Fig. 1B,D.F,H). For clarity
reasons, averaged curves corresponding to seven levels of
hydration (5-90% RWC) for rapid dehydration and five
dates of slow dehydration and recovery are presented.
The shape of the OJIP transients changed through the
progressive reduction of RWC as depicted both in original
transients (Fig. 14,B) and double normalized transients
between O and P (Fig. 1C,D). Changes of the IP phase
with progressive dehydration or/and recovery were
emphasized when transients were normalized between
50 us and 2 ms (Voy) (Fig. 1 E.F). To elucidate the existence
of a K-band in the OJ phase, the kinetic difference (AVoy)
is shown in Fig. 1G,H. The K-band was more pronounced
at low RWC values (< 50%) during rapid dehydration
(Fig. 1G), while it was insignificant during slow dehydration
and recovery (Fig. 1H). L-band did not appear for any
species as a difference of the relative variable fluorescence
of O—K normalized curves during dehydration (data not
shown).

The relative amplitude of the IP phase was quantified
for all the species by JIP-test parameter 1 — V= (F, — F1)/
(Fm — Fo) and the relative magnitude of Vi to V; was
quantified by V«/V, (Fig. 2). The 1 — V; value, which
reflects the relative size of the pools of final PSI electron
acceptors, was reduced with progressive dehydration. This
reduction was gradual down to 5% RWC for the evergreen
sclerophylls, the summer annual C. spinosa, and the
deciduous C. siliguastrum. In semi-deciduous species,
the reduction was completed at around 20%, while in the
winter annual M. sylvestris, the reduction started at RWC
20% (Fig. 24). The appearance of the K-band, which
indicates partial inhibition of OEC, was marginal in all
species (Fig. 2B).

Dehydration-induced changes in parameters derived
from the JIP-test are illustrated as a function of RWC in
Fig. 3 (representative curves from one species, C. creticus).
Trapped energy flux (TR¢/RC) and electron transport flux
(ETo/RC) per RC showed an almost linear dependence
with RWC, ranging between 20 and 90%, but with rather
small slopes (Fig. 34). Absorption flux per RC (ABS/RC)
remained almost constant for the same RWC range
(Fig. 34). The probability that a trapped exciton moves an
electron beyond Qa~ (WE,) was stable during dehydration,
while the probability that an electron can move up to the
PSI end electron acceptors (0R,) decreased linearly with
RWC reduction (Fig. 3B). The quantum yield of primary
photochemical reaction of PSII (¢P,) remained constant
until 20% RWC, followed by a sharp reduction. The trends
of WE, and 8Ry affected the behavior of quantum yields of
electron transport flux from Q4 to Qg (¢Eo) and of electron
transport until the PSI end electron acceptors (¢pRo) but
differently (Fig. 3C). ¢E, was almost constant until 40%
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Fig. 1. OJIP Chl a fluorescence transients (log time scale), recorded in dark-adapted leaf discs (rapid dehydration experiment, left panels)
and in vivo, in leaves (slow dehydration and recovery experiment, right panels) of Cistus creticus. (A,B) Raw transients exhibiting
fluorescence intensity (F;) recorded between 10 ps and 1 s (arbitrary units). (C,D) Double normalized transients between O and P
points: Vop = (Fi— Fo)/(Fp — Fy). (E,F). Double normalized transients between O and J points: Vo, = (F, — Fo)/(F; — Fo). (G,H) AV curves
obtained by subtraction of the original fluorescence transients, normalized between O and J points. Differences of the relative variable
fluorescence of O-J normalized curves between the different RWC and RWC = 90% [AVo; = Vrwe — Vrweoow, (G)], and between the
1% d and the other days [AVo; = Vaay — Vaay1, (H)]. Values are means, n = 10.

RWC, followed by a gradual, nonlinear, reduction with
water loss between 40 and 5%, whilst @R, decreased
linearly as a function of RWC and the magnitude of
change (slope of linear regression) was relatively high.
Subsequently, performance indexes Plags and Pl
which are calculated as the product of three and four
independent components respectively (see ‘Materials
and methods’), showed a linear correlation with RWC,
respectively (Fig. 3D). Values of control samples remained
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almost stable through the measurement periods (data not
shown).

The nature of correlations between the above described
JIP-test parameters and the leaf RWC was almost the
same for all the examined species. However, significant
differences between species appeared, regarding the RWC
range for which a parameter remained constant, while,
for those parameters that exhibited a linear decrease with
water loss, differences between species were found in the
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Fig. 2. Radar plots depicting values of 1 — V; (4) and Vk/V; (B)
at different RWC in Arbutus unedo, Ceratonia siliqua, Laurus
nobilis, Nerium oleander, Olea europaea, Pistacia lentiscus,
Cistus creticus, Phlomis fruticosa, Salvia officinalis, Capparis
spinosa, Malva sylvestris, and Cercis siliquastrum normalized to
the initial values of RWC (90%). Values are means, n = 10.

coefficient of determination of the linear regression (R
Table 1). The specific energy fluxes (per RC), and P,
were not affected until severe desiccation (5—20% RWC).
However, ET/RC was affected at higher water content and
this trend was more pronounced in evergreen sclerophylls.
In two of them, N. oleander and P. lentiscus, the sensitivity
of ET¢/RC appeared at RWC 80%. Reduction of ¢E,
appeared at even higher RWC (50-90%) in evergreens
except for A. unedo. The corresponding range for the
semi-deciduous species was 20-40% and for the
deciduous and annual species between 10-25%. @Ry, yE,,
ORy, Plags, and Pl decreased linearly with dehydration
in all the species. The coefficient of determination of the
linear regression (R?) indicated best fit in the order of
¢Ry (0.63-0.97), Pl (0.53-0.93), 6R, (0.49-0.96), yE,
(0.27-0.80), and Plags (0.28-0.74). wE, in C. creticus was
constant while a linear decrease of @Ry, Ry, and Pli, in
C. siliquastrum was marginal and no correlation appeared
regarding WE, and Plags.

Slow dehydration under semi-natural conditions (field
experiment): Potted individuals of four evergreen and

three semi-deciduous species were tested for the sensitivity
of photosynthetic apparatus to drought stress (two weeks)
and recovery (one week). RWC and Pl fluctuations
during water withholding and rewatering period, as well
as corresponding values of controls, are depicted in Fig. 4.
After two weeks of water withholding, RWC dropped
significantly, to 40-60% in evergreens (Fig. 44,C,E.G)
and 30-50% in semi-deciduous species (Fig. 4B,D,F).
However, during the first week, only the semi-deciduous
species experienced water stress as RWC dropped to
60-70%. Corresponding values of the control individuals
were almost constant. Rewatering of plants during the
third week of the experiment allowed full rehydration of
evergreens (80-90% RWC), already achieved in 24 h.
Rehydration of semi-deciduous species was progressive
and resulted in full recovery only in P, fruticosa (Fig. 4D).
Pliw followed the trends of RWC in evergreens without
significant changes during the first week (Fig. 44,C.E,G).
At the end of the water stress period, Pl dropped to a
minimum and progressively increased during the recovery
period but did not reach the control value with the end of the
experiment. On the other hand, in semi-deciduous species,
Pl was influenced only when RWC was reduced to 40%
in C. creticus and P. fruticosa (Fig. 4B.D) and 50% in
S. officinalis (Fig. 4F), but fully recovered after one week.

An appearance of the L-band, which has been related
to connectivity and excitation energy transfer between
PSII units (Strasser and Stirbet 1998), was obvious for
all the species (Fig. 5) except S. officinalis (Fig. 5F) after
water-stress treatment. However, the L-band disappeared
only in N. oleander after one week of rewatering (Fig. 5B).

According to the IBR methodology, radar plots were
produced, including the scores of selected Chl fluorescence
parameters, regarding them as distinct biomarkers (Fig. 6).
The initial scores of the JIP-test parameters (watered),
the scores at the end of the first and the second week of
the drought period (water stress), and the scores after
one-week rewatering (recovery) are presented as radar
plots. More specifically, the deviation of the graphical
pattern of water stress treatment from that of the control
was similar in all species except S. officinalis (Fig. 6F).
The water stress pattern includes an increase of specific
energy fluxes ABS/RC, TRy/RC, DIy/RC and decrease
of quantum yields Py, @E,, @Ry, as well as of yE,, and
1 — Vi. Vi/V, increased only in evergreens and 0R,
decreased only in semi-deciduous species. In S. officinalis,
only the parameters related to electron transport round the
PSI (6Ry, Ry, 1 — Vi) were reduced (Fig. 6F). The recovery
pattern poses more differences between the species.
Almost all the parameters recovered after one-week
rewatering in C. creticus, N. oleander, and S. officinalis
(Fig. 6B,C,F). In the rest of evergreens and P. fruticosa,
the recovery was partial in most of the parameters with
yields being more responsive than specific energy fluxes
(Fig. 64,D,E,G). ¢Po was reduced only at the lowest RWC
and fully recovered in all species.

Ranking of the drought tolerance of evergreen sclero-
phylls and semi-deciduous species based on a drought
factor index (DF]I) is presented in Fig. 7 either calculated
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Fig. 3. Representative relationship between RWC and specific energy fluxes per active PSII reaction center (4), efficiencies/
probabilities (B), quantum yields (C) and performance indices (D), for Cistus creticus. Data calculated from 172 induction curves of
samples with different water content during the rapid dehydration experiment. The red lines represent the linear (pRy, WE,, 0Ro, Plags,
and Pli,a) or the nonlinear (ABS/RC, TRy/RC, DIy/RC, ETo/RC, @Po, and ¢E,) regressions of the experimental points.

Table 1. The nature of correlations between the JIP-test parameters and the leaf relative water content (RWC) during rapid leaf
dehydration. ABS/RC — absorbed photon flux per reaction center of PSII; DIo/RC — dissipated energy flux per reaction center of PSII;
ETo/RC — electron transport flux per reaction center of PSII, TRy/RC — trapped excitation flux per reaction center of PSII; Plaps —
potential for energy conservation from exciton to the reduction of Qg; Pl — potential for energy conservation from exciton to the
reduction of PSI end acceptors, R, — efficiency/probability with which an electron fromPQHo is transferred to final PSI acceptors,
¢©Eo — quantum yield of the electron transport flux from Qa to PQ, ¢Py — maximum quantum yield of primary PSII photochemistry,
¢Ry — quantum yield of electron transport from Q4™ to final PSI acceptors, wE, — efficiency/probability with which a PSII trapped
electron is transferred from Q, to PQ. R? represents the coefficient of determination of the linear regression.

Growth form  Species Nonlinear Linear

minimum RWC value of the linear part of the R
correlation [%]

ABS/RC TR¢/RC DIy/RC ET¢/RC ¢P, ¢Eo ¢Rg yEo dRo Plass  Pliot

evergreen Arbutus unedo 20 20 15 30 20 25 0,71 048 053 058 0.67
sclerophylls Ceratonia siliqua 10 10 15 30 20 80 097 080 09 074 093
Laurus nobilis 20 10 20 40 20 50 091 075 072 0.68 0.80
Nerium oleander 10 10 10 80 15 80 063 044 049 025 054
Olea europaea 15 10 15 20 15 50 0.89 072 083 068 0.76
Pistacia lentiscus 20 20 20 80 25 90 0.78 0.70 0.58 0.66 0.70
semi-deciduous Cistus creticus 20 25 20 40 35 30 0.89  0.01 066 045 0.84
Phlomis fruticosa 10 10 20 20 15 20 092 074 074 0.61 0.81
Salvia officinalis 10 10 10 30 10 20 075 027 049 028 053
winter annual ~ Malva sylvestris 10 10 10 10 10 25 082 054 082 0.53 0.71
summer annual Capparis spinosa 10 5 5 30 10 30 0.75 0.52 0.64 0.57 0.57
deciduous Cercis siliquastrum 5 5 5 5 10 10 036 0.06 056 004 030
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on Pl (Fig. 74) or the herein introduced photochemical
drought index (PDI) (Fig. 7B). DFI is representing
the relative drought-induced reduction of the Pl
(Oukarroum et al. 2007) during dehydration. Increasingly
negative values denote lower drought resistance (Fig. 74).
Thus, S. officinalis and P. fruticosa showed less negative
values and can be characterized as the most drought-
resistant species, the evergreens followed in the order of
N. oleander, C. siliqua, A. unedo, and L. nobilis, while
C. creticus appeared as the most drought-sensitive species.
However, when DFI was based on PDI (Fig. 7B), ranking
inside the growth form of evergreen species changed
as increasingly higher values denote lower drought
resistance. The most resistant species was L. nobilis,
followed by N. oleander, A. unedo, and C. siliqua. The
ranking among semi-deciduous species was in the order
of S. officinalis, P. fruticosa, and C. creticus. It should
be noted that the use of PDI did not change the ranking
between the two growth forms.

Fig. 4. Variation of Pl and RWC during water
withholding (white pattern) and rewatering period
(grey pattern), in control (green circles) and water-
stressed plants (red triangles) of Arbutus unedo
(4), Cistus creticus (B), Nerium oleander (C),
Phlomis fruticosa (D), Ceratonia siliqua (E), Salvia
officinalis (F), and Laurus nobilis (G). Values are
means + SD, n = 20.

Discussion

Withdrawal of plant cell water causes reduction of water
potential and turgor pressure and increase of osmotic
pressure as diluted substances accumulate. These changes
can affect the cell and chloroplast membrane integrity
and can induce modifications in chloroplast ultrastructure
(Lauriano et al. 2000). The question arises, how quickly the
structural and functional reorganization of the thylakoids
and the photosystems occur and are these modifications
common among different species or growth forms of
Mediterranean native plants?

Rapid dehydration in the present study reduced
RWC in most species by more than 80-90%, while
during slow dehydration, the lowest RWC for evergreen
sclerophylls ranged between 38-50% and for semi-
deciduous species between 30-49%. According to the
field, seasonal measurements in the same shrub species,
minimal RWC (40-60%) was recorded in August, with
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the semi-deciduous P. fruticosa exhibiting values around
30% (Karavatas and Manetas 1999). Additionally, in a
recent work (Chondrogiannis and Grammatikopoulos
2021), RWC during summer in juveniles of the evergreen
N. oleander and the semi-deciduous P. fruticosa was also
around 30-40%. Therefore, the water stress achieved in our
in vivo experiments was representative of the fluctuations
under natural environmental conditions.

The shape of the fluorescence transients was signifi-
cantly different between rapidly and slowly dehydrated
samples. The differences were more pronounced when
transients were double normalized either in F, and Fp or
in Fy and Fj, indicating that OJ, JI, and IP phases were
affected in a different way under slow or rapid dehydration.
Therefore, biophysical parameters which are related to
each phase were expected to differ accordingly (Tsimilli-
Michael 2020). During rapid dehydration, a faster rise of
fluorescence at point P, an increase of F, and a decrease of
F., were recorded at low RWC, the above being indicative
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Fig. 5. Differences of the relative variable fluorescence
of O-K normalized curves between plants after one
(red triangles) and two weeks (dark red reverse
triangles) of water withholding, and after one week
after rewatering (blue circles), with well-watered
plants (light blue squares) (AVox = Vieatment — Viwatered)-
Values are means, n = 10.

of the Qa~ accumulation (Oukarroum ef al. 2009) and
OEC inhibition (Lazar 2006, Bednaiikova et al. 2020).
OEC inhibition occurred in laboratory experiments only
at very low RWC (5-20%), while in a previous study with
lichens, water stress acted as a predisposing factor that
enhanced the resistance to heat (Oukarroum et al. 2012).
In the present study, slow dehydration and co-existed high
temperature, led to the disappearance of the K-band. On
the other hand, a gradual decrease of the relative amplitude
of the IP phase with progressive reduction of leaf water
content occurred in almost all species, indicating that
PSI reaction centers and electron transport until the PSI
final acceptors was affected by increasing water stress
(Oukarroum et al. 2009, Ceppi et al. 2012, Zivéak et al.
2014). It should be noted that the species of the present
study are usually experiencing significant dehydration
of more than 50% already during late spring and early
summer and dehydration worsening during mid or late
summer (Karavatas and Manetas 1999, Galmés et al.
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2012, Chondrogiannis and Grammatikopoulos 2021). On
the contrary, in the winter annual M. sylvestris, which does
not confront water stress during its life cycle, the IP phase
was affected only under 20% RWC which is not a realistic
value under field conditions.

The transport of electrons through the intersystem and
the PSI was significantly affected by water stress as shown
by the negative correlation of quantum yields @E,, @Ry,
and the probabilities yE, and dR, with the RWC during
rapid dehydration. These findings confirm the inhibition
of electron flow in dehydrated bean leaves (Goltsev et al.

Fig. 6. Radar plots of the scores,
calculated by the IBR method, for
the selected chlorophyll fluorescence
parameters from JIP-test analysis,
in well-watered plants (light blue
squares), in plants after one (red
triangles) and two weeks (dark
red reverse triangles) of water
withholding, and after one week after
rewatering (blue circles). Scores
calculated from ten individuals for
each species and for each treatment.

2012) and barley leaves (Oukarroum et a/. 2007). The same
parameters were affected during the second week of slow
dehydration under field conditions in our study. Therefore,
regardless of the fast or slow developed dehydration, the
movement of electrons from PSII to Qa, to PQ, and finally
to the final electron receptors of PSI was significantly
affected. Photosynthetic performance, expressed by the
Plags and Pl parameters, was also significantly reduced,
for all species studied both under laboratory conditions and
in vivo. The Plags index is particularly sensitive to drought
conditions and has been suggested by many authors as a
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Fig. 7. Values of drought factor index (DFI) based on Pliw (4)
or on photochemical drought index (PDI) (B), for Arbutus unedo,
Nerium oleander, Ceratonia siliqua, Laurus nobilis, Cistus
creticus, Phlomis fruticosa, and Salvia officinalis plants.

suitable tool for monitoring photosynthetic performance,
which in contrast to the F,/F,, index, changes even in mild
water stress conditions (Oukarroum ez al. 2007, Zivéak
et al. 2008, Goltsev et al. 2012).

Regarding the recovery ability of the photosynthetic
function after rehydration of plants, it is known that
the effects are usually reversed when the RWC has not
declined below 50%, up to which no significant membrane
damage and cell integrity has been observed (Kaiser
1987, Dekov et al. 2000, Lauriano et al. 2000, Matos
et al. 2002). The reverse of the water stress effects on
Chl fluorescence parameters in the present study began
on the first day after rehydration, which is consistent
with the observation of Flexas er al. (2004), that under
mild stress, photosynthesis is rapidly restored in well-
adapted plants. It should be noted that, during our field
experiments, in most species, RWC dropped to very low
values (30-58%), which denotes severe water stress.
Therefore, the photosynthetic machinery in these species
can be concerned as considerably tolerant to water stress.
However, in the evergreen sclerophylls recovery of
performance was not complete after one week, while in
semi-deciduous species almost all the parameters, except
for those related to PSI, completely recovered. In previous
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work with the semi-deciduous Phlomis fruticosa (Petsas
and Grammatikopoulos 2009), reduced electron flow and
quantum yields under conditions of extreme water stress
completely reversed after rehydration. Additionally, the
appearance of an L-band in all the species but S. officinalis
after two weeks of dehydration denotes destacking and
disorganization of the membrane structure of thylakoids
and altered connectivity among PSII units (Strasser and
Stirbet 1998, Oukarroum et al. 2007, Campos et al. 2014).
After one week of rehydration, connectivity of PSII
units was fully restored only in N. oleander, and partly
restored in the rest of the species. When measured in an
Antarctic lichen, which is well adapted to dessication/
rehydration cycles, most of the parameters of the JIP-
test were affected (Bednatikova et al. 2020). Similar to
the present study, the appearance of the K- and L-bands
and activation of protective mechanisms (DI/RC)
occurred as a result of low RWC. It is interesting that
the increased demand for protective mechanisms found
for the lichen under relatively higher temperatures it is
also true for the different life forms of Mediterranean
drought-adapted shrubs during slow dehydration under
field conditions. The recovery pattern as a whole may
be attributed to the different adaptations of the two plant
growth forms to water stress (Grammatikopoulos et al.
1995, Petsas and Grammatikopoulos 2009, Galmés et al.
2012, Chondrogiannis and Grammatikopoulos 2021). In
particular, the recovery efficiency of photosynthesis has
been generally referred low in sclerophylls medium in
semi-deciduous and high in annual species (Galmés et al.
2007). It seems, therefore, that the ability to quickly recover
from water stress in semi-deciduous species is more critical
for their energy support than in sclerophylls during the dry
period of the year. On the other hand, sclerophylls, which
possess morphological and physiological adaptations
against the drought of a more permanent character, do
not respond quickly to changes of water availability, at
the cost of reduced CO, assimilation, which, however,
is offset by the longer lifespan of their leaves. It should
be noted that the JIP-test parameters alone do not include
many independent pieces of information regarding the
underlying physiological mechanisms (Tsimilli-Michael
2020) and should be accompanied by measurements, e.g.,
of CO, assimilation rate if a deeper insight into the drought
tolerance repertoire of a species is requested (Galmés
et al. 2007, Chondrogiannis and Grammatikopoulos 2021).
However, the JIP-test has been recognized as a valuable
tool for screening abiotic stress impact and plant tolerance
in large samples/populations (Stirbet ez al. 2018).
Although drought tolerance among evergreen sclero-
phylls and semi-deciduous shrubs differed only in
recovery patterns, species of the same growth form did
not share the same tolerance to dehydration. An efficient
ranking of species or varieties according to their drought
tolerance has been made with the use of the drought factor
index DFI (Oukarroum et al. 2007, 2009), allocating the
impact of drought on photochemical index (PI) reduction
over time. The PI alone is a sensitive index of stress as
it takes into consideration three (Plags) or four (Pliw)
steps of the energy flow through the photosystems. In the
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present study, the creation of a new photochemical index
(photochemical drought index, PDI), which integrates
eleven sensitive parameters from the JIP-test, was used for
the DFI estimation. The new ranking revealed changes in
the order of evergreens' resistance to dehydration, enlarged
the existing differences of drought tolerance between the
species placed into the new order, but did not change the
general rank between the two growth forms. It seems,
therefore, that a more ‘detailed’ index such as the PDI
is useful for discriminating small differences between
species, while the traditional photochemical indices
are also capable of discriminating large groups like the
different plant growth forms.

In conclusion, rapid dehydration affected negatively
the photosynthetic performance of all the studied species
regardless of the plant growth form. The most pronounced
effect was found in parameters related to electron flow up
to the PSI acceptor side. The slow development of water
stress under natural environmental conditions influenced
evergreen sclerophylls and semi-deciduous species in
a similar manner, but differently during recovery from
dehydration. However, the ranking of drought tolerance
of the seven studied species revealed differences when
estimated either based on Pl or based on the herein
created photochemical drought index (PDI) which
integrates the effect of dehydration on eleven parameters
of the JIP-test.
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Appendix 1. Steps for the calculation of photochemical drought index (PDI) according to the IBR method.

A. Calculation of the mean values (m) of chlorophyll fluorescence parameters cfp and their standard deviations (sd) corresponding to

each day of the experiment.

B. Calculation of the Y value (standardization) as Y = (m — M)/sd, where Y represents the standardized value of each chlorophyll
fluorescence parameter (biomarker); m and sd are as previously defined and M is the mean value of each chlorophyll fluorescence

parameter calculated for all the days of the experiment.

C. Calculation of Z as: Z =—Y or Z = Y, if the effect of drought on the biomarker corresponds to an inhibition or a stimulation.
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IMPACT OF DEHYDRATION ON PHOTOSYNTHESIS IN TWELVE MEDITERRANEAN SPECIES

D. Calculation of S (Score) for each biomarker, where S > 0; this is done by adding to Z the absolute (i.e., positive) value of the
minimum of the standardized data, which is labeled |Min|: S = Z + |Min|.

E. The Scores for all the ¢fp were then graphically depicted by radar plots (Fig. 6). Consequently, the PDI was calculated by summing up
triangular star plot areas for each two neighboring cfp data (Ferreira et al. 2015, Stirbet ef al. 2018). In that case, the radius coordinate
coincides with the Score of a given ¢fp at a given date. It is critical for the accuracy of the method, the PDI calculations to be performed
with exactly the same order of ¢fp data for all the sampling times (days of experiment) and for species.

Appendix 2. Selected JIP-test parameters and their description based on data extracted from chlorophyll a fluorescence transient.

Fluorescence parameters

Description

Fo

Fio0us

F;

Fi

Fu

Area

VK = (Fg.oo)ls — Fo)/(Fm — Fo)
V= (Fy — Fo)/(Fu — Fo)

Vi = (Fi—Fo)/(Fn— Fo)
1/Vi

1-V;

Vk/V;

My = 4(F300us — Fo)/(Fm — Fo)

Sm = Area/(F,, — Fo)

Specific fluxes per reaction center (RC)
ABS/RC = (M/V)) x (1/9Py)
TR()/RC = MO/VJ

ET()/RC = (MU/VJ) X (1 7Vj)
DIy/RC = ABS/RC — TRy/RC
Yields or flux ratios
¢oPy=TR/ABS=1-V;,

WEO = ETo/TRo =1- V[

(pE() = ET()/ABS = (pp() X \VE()

(PD() =1- (pPo = Fo/Fm

8R() = RE/ET() = (1 — V[)/(l — VJ)
oRo = RE/ABS = ¢Py x yE, x 6R,

Performance index

PIABS = (RC/ABS) X (pPo/(l — (pPo) X \VE()/(l — \|IE0)
Pl = (RC/ABS) x oPy/(1 — ¢Po) X WEy/(1 — wEq) x

SR/(1 - 3Ry)

Minimum fluorescence, when all PSII reaction centers are open (O-step)
Fluorescence intensity at 300 ps (K-step)

Fluorescence intensity at 2 ms (J-step)

Fluorescence intensity at 30 ms (I-step)

Maximal fluorescence, when all PSII reaction centers are closed (P-step)
Total complementary area between OJIP curve and F =F,,

Relative variable fluorescence at K-step

Relative variable fluorescence at J-step

Relative variable fluorescence at I-step

Parameter indicating PSI end electron acceptors

Parameter indicating total active PSI reaction centers

Parameter indicating fluorescence rise at K step due to stress conditions
Approximated initial slope of the fluorescence transient

Normalized total complementary area above the OJIP transient reflecting total
electron carriers per RC

Absorption flux per RC of PSII
Trapped energy flux per RC of PSII
Electron transport flux per RC of PSII
Dissipated energy flux per RC of PSII

Maximum quantum yield of primary photochemistry

Efficiency with which a PSII trapped electron is transferred from Q4 to PQ
Quantum yield of electron transport from Q4™ to PQ

Quantum yield of energy dissipation

Efficiency with which an electron from PQH, is transferred to final PSI acceptors
Quantum yield of electron transport from Q4™ to final PSI acceptors

Performance index on absorption basis

Total performance index measuring the performance up to the PSI end electron
acceptors

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

101



