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Combined chlorophyll fluorescence techniques to study environ-
mental impact on the mountain moss Polytrichum commune
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Abstract

Two chlorophyll fluorescence (ChlF) methods were used to study the effects of high
light (photoinhibition) and dehydration, common stressors of the alpine environment, on
primary photosynthetic processes in the moss Polytrichum commune from the Czech
Republic, the Jeseniky Mountains. Photoinhibition (PI) was studied in fully hydrated thal-
li of P. commune and during the period of spontancous desiccation. Time courses of
Kautsky kinetics (KK) of ChlF and derived parameters: maximum quantum yield (Fy/Fy),
effective quantum yeld (®psy), and non-photochemical quenching parameters, were
measured before and after the samples were treated with high light (1500 pmol m™ s™
PAR) for 60 min. Dehydration effects were tested in two sets of experiments with a
Pulse-Amplitude-Modulation fluorometry (PAM) and Fast Chlorophyll Fluorescence
induction curve (OJIP) techniques. In PAM tests, the desiccating samples were exposed
to saturating light pulses every 10 min. in order to obtain ®pgy and non-photochemical
quenching (NPQ). In the second dehydration experiment, OJIP transients of ChlF were
repeatedly recorded, OJIP-derived ChIF parameters were plotted against relative water
content (RWC) monitored during desiccation. Combined ChF techniques provided
insights into the mechanisms activated during P. commune desiccation, such as dissipa-
tion of excess absorbed energy through heat dissipation, and conformational changes or
destructions of the light harvesting complexes. Combination of stressors resulted in
amplified interference with the photosynthetic machinery, even when the added stressor
(dehydration) was applied in low dose.
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Introduction

Mosses from sunny habitats are con-
sidered tolerant or resistant to photoinhi-
bition due to several photoprotective mech-
anisms (see below). Some of these are also
activated in desiccating mosses (e.g. Csinta-
lanet al. 1999, Nabeet al.2007), as a part of
non-photochemical quenching mechanisms.
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The two factors, photoinhibition and moss
desiccation typically co-act in the field.
Some recent studies, however, have fo-
cused on the sensitivity of mosses to pho-
toinhibition in the optimally hydrated state
(e.g. Orekhova et al. 2021a). In the field,
air/thallus temperature affect the moss pho-
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tosynthesis as well. These effects were stud-
ied by Perera-Castro et al. (2020) who
combined chlorophyll fluorescence (ChlF)
and gas exchange measurents. They evalu-
ated temperature optima for photosynthe-
sis in six Antarctic mosses. They report-
ed a high temperature-induced increase in
NPQ. However, they did not consider
photoinhibition.

This study on Polytrichum commune,
therefore, focuses on time courses of chlo-
rophyll fluorescence (ChlF) parameters
(F/Fyx, @psi, NPQ) during controlled pho-
toinhibition and desiccation. It was hypothe-
sized that the resistance of P. commune to
photoinhibition/desiccation would be high.
Therefore, the activation of photoprotec-
tive mechanisms during controlled photo-
inhibitory/desiccation treatment was ex-
pected. Special attention was devoted to
non-photochemical quenching that reflects
the activation of protective mechanisms
(Beckett et al. 2005).

Photoprotective mechanisms comprise
cyclic electron transport around photosys-
tem I (PSI) and photorespiration (Takahas-
hi and Badger 2011). Another mechanism
relates to carotenoids that scavenge ROS.
Carotenoids are also involved in ther-
mal dissipation (part of non-photochemical
quenching). Photoinhibition-induced forma-
tion of zeaxanthin and consequent energy
quenching is reported in mosses (Pinnola
et al. 2013, Glime 2017). It is established
that non-photochemical quenching in moss-

Material and Methods

es is dependent on desiccation and photo-
inhibition (Heber et al. 2006). Recently,
three different components of non-photo-
chemical quenching are reported (reviewed
in e.g. Yamakawa et al. 2012): (i) a mecha-
nism based on protonation of a thylakoid
protein (active in hydrated mosses); (ii)
exciton migration towards the light-har-
vesting complexes (LHCs), where fast ther-
mal dissipation takes place, and (iii) re-
versible photo-accumulation of radicals
that acts as a quencher of excitation energy
in RC of PSII.

Polytrichum commune is a moss inhab-
iting a wide range of habitats. It is consid-
ered almost cosmopolitan species, known
from all continents except Antarctica. In
Europe, it grows on acid soil in moist plac-
es. Typically, it is abundant in coniferous
forests, wet meadows, on the edges of peat
bogs. For the experiment, P. commune from
alpine environment of the Jeseniky Moun-
tains, Czech Republic, was selected. Envi-
ronmental conditions such as desiccation
and high light stress are the factors po-
tentially dangerous to the species survival,
especially in a global climate change sce-
nario. In this study, the efficiency of pri-
mary photosynthetic processes was investi-
gated using two different chlorophyll fluo-
rescence techniques, in order to evaluate
P. commune response to high light (i.e.
inducing photoinhibition) or desiccation in
single or combined treatments.

Collection of samples and species characteristics

Polytrichum commune was collected in
a treeless alpine area in the Jeseniky Moun-
tains, close to the Tabulové skaly rocks,
(1415 m a. s. 1.), Moravian-Silesian region
of Czech Republic. After collection, the
samples were stored in the lab at 5°C,
under dim light (20-25 pmol m”s™ PPFD),
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with the lower part of the shoots in water
and the upper part in fully wet conditions.
P. commune, a poikilohydric organism,
has a typical leaf structure to adjust to neg-
ative environment conditions. The cross
section of a single leaf has a cuplike struc-
ture with chloroplasts inside single-lined



cells, arranged in parallel string structures
called lamellae, packed inside this cuplike
shape (Fig. 1). When dehydration occurs,
the margins of the leaf fold towards the
middle line, closing the structure of lamel-
lae and reducing water exchange between
internal structure and environment. In this
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way, the leaf is able to reduce water loss
and retain physiological activity. These
movements can be observed even for low
level of dehydration, making any kind of
ChlF measurements affected because of
the changing geometry of leaves and the
consequent effect on ChlF readings.

Fig. 1. Polytrichum commune single leaf half folded inward (a) and microscopy section of a single
leaf showing the lamellae arranged in the cuplike shape perfectly unfolded (b).

Experimental design

Desiccation was studied by the PAM
technique (PAM-2000 fluorometer, Walz,
Germany)and the OJIP technique (FluorPen
FP 100, Photon System Instruments, Czech
Republic). The PAM technique comprised
of the measurements of slow Kautsky ki-

netics (KKs) supplemented with satura-
tion pulses in dark- and light-adapted
states of the sample (for more details see
e.g. Mareckova et al. 2019). The chloro-
phyll fluorescence (KKs and the ChIF
parameters, see below) were recorded us-
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ing a FluorCam HFC 1000-H (Photon Sys-
tems Instruments, Drasov, Czech Repub-
lic) and the FluorCam v. 7.0 software.
The following parameters were calculated:
Fv/FM, cDPSH; NPQ

Photoinhibition

Fully hydrated samples (with their
shoots in water and kept in fully wet con-
ditions by continuous spraying with dis-
tilled water), along with the samples left to
spontaneous water loss, were treated with
light of 1500 pmolm™ s PAR for 60 min.
Measurements of Kautsky kinetic transi-
ents (five replicates) were made immedi-
ately before, immediately after and every
20 min. for 3 h after the treatment. ChlF
parameters (maximum quantum yield -
Fy/Fy, effective quantum yield - ®pgy, and
non-photochemical quenching parameters)
were plotted as time courses. The samples
were darkened for 5 min. before each meas-
urement. Each sample of the set left to
spontaneous desiccation was weighted be-

Desiccation (KK measurements)

Samples,
10 min. to dim light (20 pmol m™ s
PAR), were weighted in their fully wet
conditions and put on a scale continuously
measuring their weights. Over them, very
close to their surfaces, the probe of the
PAM fluorometer was providing saturating

previously acclimated for
-1

Desiccation (OJIP measurements)

Samples were weighted in their fully
wet conditions and OJIP transients were
repeatedly measured along with their
weights during desiccation in lab con-
ditions (22°C=1°), until the signal was too
low for measurement. Before every OJIP
measurements, the samples were darkened
for 5 min. and, after the measurements, the
light was kept under 40 pmol m™ s™ PAR.
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Photoinhibition was studied in fully wet
conditions and during spontaneous desic-
cation conditions by Kautsky kinetics tech-
niques (Handy Fluorcam HFC-010, Photon
Systems Instruments, Czech Republic).

fore every measurement, from fully wet
conditions, to the end of the experiment,
and after complete desiccation (in oven at
90°C for 72 h), to assess the relative water
content (RWC) corresponding to each
measurement. The RWC was calculated by
the formula:

RWC (%)= [(FM - DM)/(FW - DM)] * 100

where, FM is the weight of the fresh sam-
ple, DM is the weight of the fully dry
sample and FW is the weight of the ful-
ly wet sample. So, in fully wet sample
RWC = 100%, in fully desiccated sample
RWC = 0%.

light pulses every 10 min. and recording
ChlIF parameters. Each record was related
to the weight taken at the very moment of
the pulse in order to relate the ChIF pa-
rameters change to the dehydration curve
expressed as RWC.

Recorded transients of each sample were
related to the RWC at the time of re-
cording, ChlIF parameters were plotted as
response curves to RWC decrease. OJIP
measurements provided a large amount of
data, below there is a list of some used in
the study, with calculation formulas and
description (adopted from Strasser et al.
2004).



Fy/Fy
ABS/RC = My(1/ Vy)(1/ Phi_Py)
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Maximal quantum yield of PSII photochemistry
Absorption flux (of antenna chlorophylls) per

Reaction Center (RC)

Trapped energy flux (leading to chinon A

reduction) per RC

ET()/ RC= M()(l /VJ)PSi_E()

Electron transport flux (further than chinon A)

per RC

DI, / RC = (ABS/RC) — (TRy/RC)

PI_tot=Pi_ABS [(RE(/TEy)/
(1 —RE(/TEy)], where
REYTEy = (Fy — F)/(Fu — F)

The flux of dissipated excitation energy at time 0

Total performance index on absorption basis for
energy conservation from exciton to the reduction
of photosystem I acceptors

Table 1. OJIP-derived parameters and their formulas according to Strasser et al. (2004).

Results
Photoinhibition

Fy/Fm and ®pgy showed photoinhibi-
tory treatment-dependent decrease (Fig. 2)
followed by a recovery, which was faster
and more completed in Fy/Fy (above 93%
of pre-photoinhibitory values) than ®pgy
(about 91%). In the samples desiccating
during the photoinhibitory treatment, de-
crease of Fy/Fy was more pronounced
than in wet samples. The rate of recovery
was significantly slower in desiccating
than wet samples. However, at the end of
recovery period (3 h), Fy/Fy reached the
same values for wet and desiccating sam-
ples.

Similar response was found for ®pgy,
i.e. more pronounced ®pg; decrease in
desiccating samples exposed to photoin-
hibitory treatment. More uncompleted re-
covery and lower ®@pg; values were found
for desiccating than wet samples. Final
recovery, measured as a percentage of the
initial level (before the treatment) was
above 92%. Opgy related to the effective
transport mechanisms. The length and im-
pact of the stress is more severe with slow-
er and lower final recovery. Therefore, the

difference between fully wet and desiccat-
ing samples was higher even though the
total water loss at the end of the period
was not high (1.25% of total water con-
tent) (see Fig. 2). ®pgy final recovery, after
a 3 h relaxation period was 0.91% and
0.87% of initial values for wet and desic-
cating samples (see Fig. 3).

Even though the water loss at the end
of the experimental period was not high,
with 87.5% RWC (average of five sam-
ples with 0.02 standard deviation), there
was apparent difference in NPQ time
course in the fully wet and desiccating
samples. The former presented a peak,
right after the PI induction and followed
by a relaxation of NPQ values during the
three hours to a 154% of initial value. The
NPQ decrease found in wet samples at the
end of recovery period represented 79% of
maximum found immediately after photo-
inhibitory treatment. The desiccating sam-
ples, however, kept the peak value during
the whole relaxation period and slightly
increased at the end of it (see Fig. 4).
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Fig. 2. Fy/Fy; and ®pg); time courses, before (control time = 0) and during three hours after the
photoinhibitory treatment in fully wet and desiccating samples.

166



PHOTOINHIBITION IN A MOSS

0.96

mm F\/F\

04 === Opgj|

0.92

0.90

0.88

0.86

Fv/FM, @Ppg) (% of initial value)

0.84

fully wet desiccating

Fig. 3. Fy/Fy and ®@pg; final recovery (%) of initial value in fully wet and desiccating samples.

08
07|
06

0.5

NPQ

04 r

0.3} I —o— fully wet
desiccating

0.2 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Time (min.)

Fig. 4. NPQ time courses, before (control time = 0) and during three hours after the treatment in
fully wet and desiccating samples.
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Desiccation (PAM measurements)

Opgyp relation to RWC was more or less
constant in the first part of the desiccation
process (RWC range from 100% (wet) to
40%). Then, with pronounced desiccation,
a significant decrease of ®pg; was ap-
parent at the RWCs below 40% (Fig. 5).
Such ®pgy decline indicated lowering of
primary photosynthetic processes in PSII
(for details see Discussion). Minimum Opgyy

level (0.23) was recorded at 25% RWC
(see Fig. 5). Non-photochemical quenching
(qN, for equation, see Appendix) showed
constant values with thallus desiccation till
around 60% RWC. With further desic-
cation (RWCs below 60%) an increase in
gN ended in maximum value of 1.0 reached
at the RWC of 25%.

1.2

1.0 -

0.8 r

0.6 r

aN, Opgj|

04 r

0.2 r

gN
—o— Dpgj

1 1 1

0.0 ' :
20 40

60 80 100

RWC (%)

Fig. 5. qN and ®pg; response curve to relative water content (RWC). Error bars represent

+ standard deviations.

Desiccation (OJIP measurements)

Majority of OJIP-derived chlorophyll
fluorescence parameters (Fy/Fy, ABS/RC
and DI/RC) showed the first sign of desic-
cation-induced changes at the RWC of
40% (Fig. 6). TRy/RC and ET/RC started
their increases at a higher RWC (around
70%). Their courses were of similar shape,
only the TRy/RC increase was found steep-

168

er at final phase of desiccation ETy/RC
(see Fig. 7). Performance index (Pi_ABS),
which is considerd a general indicator of
plant vitality, started to decrease at the
RWC of 70%. Then, with following thal-
lus desiccation from the RWC of 70% to
0%, Pi_ABS decreased at constant rate

(Fig. 7).
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Fig. 6. F/Fy;, ABS/RC and DIy/RC response curve to relative water content (RWC). Error bars
represent + standard deviations.
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Fig. 7. TRYRC, ETy/RC and Pi_ABS response curve to relative water content (RWC). Error bars
represent + standard deviations.
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Discussion

Both stress factors were affecting the
capacity of photosynthetic processes in
PSII (Fy/Fy) and the efficiency of the
electron transport utilized in the PSII pho-
tochemistry (®pgy). Photoinhibitory treat-
ment did not have a high impact on these
parameters but the additional factor of
desiccation (even in small extent) highly
enhanced the photoinhibition-induced neg-
ative effects (see next paragraph). Rela-
tively low effect of photoinhibitory treat-
ment on Fy/Fy and ®@pg decrease, and fast
recovery in wet P. commune samples are
comparable with the data for Sanionia
uncinata (Orekhova et al. 2021b). The
study reports full recovery of Fy/Fy and
Opgyp reached 90 min. after termination of
the photoinhibitory treatment. These results
support the idea that primary photosyn-
thetic processes in well-hydrated P. com-
mune are resistant to photoinhibition. The
resistance is associated with protective
mechanisms, particularly non-photochemi-
cal quenching and underlying mechanisms
(for review see Robinson and Waterman
2014). Recently, several mechanisms asso-
ciated with protein-associated quenching
has been described for mosses (Alboresi
et al. 2011, Gerotto et al. 2012). They
comprise both PsbS and Light Har-
vesting Complex Stress-Related proteins
(LHCSRs), whose expression is induced
by high light stress. PsbS is associated
mainly with the qE component of non-
photochemical quenching (Niyogi et al.
2005). This is consistent with the qE
increase witnessed in P. commune during
the photoinhibitory treatment (data not
shown). LHCSRI1 protein is associated
with thermal dissipation (Stella 2016 for
Physcomitrella patens).

Fy/Fy derived from the OJIP curves
recorded during P. commune desiccation,
started to decrease when a part of the cap-
tured energy started to be dissipated as
heat as indicated by the simultaneous
increase of dissipated excitation energy,
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DIy/RC (see Fig. 6). This is consistent with
the data measured by Orekhova et al.
(2021b) who reported a photoinhibition-
induced increase in DIy/RC with conse-
quent recovery in S. uncinata.

High resistance to water loss was ap-
parent until 40% RWC value, placing this
moss among the medium-to-high desic-
cation resistant mosses. This was clearly
showed by the more or less constant value
of @pg;; until 40% RWC and following
Dpg;; decline accompanied by an increase
of gN at the same level of water content
(see Fig. 5). In the same way, all parame-
ters related to electron transport efficiency
and thermal dissipation were showing sub-
stantial change at 40% RWC (see Figs. 6,
7), with the exception of Pi_ABS which
was continuously decreasing (see Fig. 7).
Being Pi_ ABS an index of general ener-
gy transfer performance, this is consistent
with all the other data from different meas-
uring techniques, showing an impact on
both light harvesting complexes and elec-
tron transport efficiency, induced by desic-
cation. The initial fluctuation of Pi_ABS
curve could be attributed to the geometri-
cal changes occurring in the first stage of
desiccation mentioned above; inward fold-
ing of the leaf margins, along with the
accompanying movements, could make the
first measurements irregular.

The raise of ABS/RC could be inter-
preted as the result of the damage or de-
struction of some Chl molecules in the
RCs, leaving behind the most efficient ones.
Such response was described in poikilo-
hydric autotrophs for other stressors such
as e.g. high temperature (Mareckova and
Bartak 2017). In the same way TRy/RC and
ET(/RC (related to energy flux per RC, re-
spectively leading to Qa reduction, and
photosynthetic linear electron transpor), in-
creased at the final stages of desiccation,
to cope with the excess of absorbed light
to be transferred and conveyed on a small-
er number of RCs than in hydrated state.



Similar increase in TRy/RC and ET,/RC
has been described for desiccating lichen
(Bednatikova et al. 2020).

Activation of non-photochemical quench-
ing is a well-known regulatory mechanism
to balance the absorption and utilization of
light energy in order to minimize photooxi-
dative damage; see Eberhard et al. (2008)
and Li et al. (2009) for overall reviews.
The data shown in Fig. 5 indicated consti-
tutively high non-photochemical quench-
ing (i.e. before the desiccation started). An
increase found in qN at the RWC values
below 40% might be associated with an
increasing demand to quench absorbed
light energy in less functioning PSIIs in
severely dehydrated P. commune thallus.
This is well comparable to the evidence
reported for Antarcic mosses (Brachythe-

Conclusions

Environmental stressors such as high
light and desiccation by themselves lead to
different decreases in both Fy/Fy and
Dpgy;. This is the effect of energy transfor-
mations occurring in the harvesting anten-
nae complexes and in the linear electron
transport chain from PSII to PSI. During
dehydration, the effect is proportional to
the loss of RWC, visible from around 55%
of RWC but substantial from 40% RWC.
Combined ChIF techniques can provide
insights into the mechanisms activated
during stress conditions, such as dissipa-
tion of excess absorbed energy through
heat dissipation and conformational chang-
es or structural changes in the light har-
vesting complexes. Combination of stres-
sors could amplify the damages to the pho-
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Appendix (special formulae used)

NPQ = (Fym - Fm)/Fu’
qN = (FM - FM’)/FM

where

Fy is maximum chlorophyll fluorescence induced by saturation pulse on dark-adapted
sample.

Fu'™ is maximum chlorophyll fluorescence induced by saturation pulse on light-adapted
sample.
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