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Abstract

Main conclusions A comparative study of isolated vs.
lichenized Trebouxia sp. showed that lichenization does
not influence the survival capability of the alga to the
photo-oxidative stress derived from prolonged
desiccation.

Coccoid algae in the Trebouxia genus are the most com-
mon photobionts of chlorolichens but are only sporadically
found in soil or bark outside of a lichen. They all appear to
be desiccation tolerant, i.e. they can survive drying to water
contents of below 10 %. However, little is known about
their longevity in the dry state and to which extent lich-
enization can influence it. Here, we studied the longevity in
the dry state of the lichenized alga (LT) Trebouxia sp. in
the lichen Parmotrema perlatum, in comparison with ax-
enically grown cultures (CT) isolated from the same lichen.
We report on chlorophyll fluorescence emission and reac-
tive oxygen species (ROS) production before desiccation,
after 15-45 days in the dry state under different combi-
nations of light and air humidity and after recovery for 1 or
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3 days in fully hydrated conditions. Both the CT and the
LT were able to withstand desiccation under high light
(120 pmol photons m~2 s~ for 14 h per day), but upon
recovery after 45 days in the dry state the performance of
the CT was better than that of the LT. By contrast, the
quenching of excess light energy was more efficient in the
LT, at high relative humidities especially. ROS production
in the LT was influenced mostly by light exposure, whereas
the CT showed an oxidative burst independent of the light
conditions. Although lichenization provides benefits that
are essential for the survival of the photobiont in high-light
habitats, Trebouxia sp. can withstand protracted periods of
photo-oxidative stress even outside of a lichen thallus.

Keywords Chlorophyll fluorescence - Parmotrema
perlatum - Photo-oxidation - ROS - Symbiosis

Abbreviations

Chl F Chlorophyll a fluorescence

CLSM Confocal laser scanning microscopy
CT Cultured Trebouxia

DCF 2’ 7'-Dichlorofluorescein

DCFH 2’ 7'-Dichlorofluorescin

DCFH-DA 2/,7-Dichlorofluorescin diacetate

Fyand F,, Minimal and maximal Chl fluorescence
intensity in dark-adapted samples,
respectively

F Maximum quantum yield of photosystem II
in illuminated samples

Fy Maximal Chl fluorescence under non-
saturating actinic light

F, Variable Chl fluorescence (F, = F, — Fy)

FylFpy Maximum quantum yield of photosystem II

LT Lichenized Trebouxia

NPQ Non photochemical quenching
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PPFDyy, Photosynthetic photon flux density
corresponding to the effective maximum
value of quantum yield CO, assimilation

RH Air relative humidity

ROS Reactive oxygen species
RWC Relative water content
Introduction

Green microalgae are typical inhabitants of marine and
freshwater environments, but they also colonize terrestrial
habitats, from tree bark (Liittge and Biidel 2010) to rocks
(Matthes-Sears et al. 1999) to the soil of hot and cold
deserts (Gray et al. 2007). Habitat occupancy is also ex-
tended through lichenization, i.e. the formation of a stable,
extracellular symbiosis between a carbon-heterotrophic
fungus (generally an ascomycete, the mycobiont), and one
or more green algae or cyanobacteria (the photobiont).
Lichenization has been considered as a life-style that cre-
ates favourable conditions for both symbiotic partners, and
particularly for the photobiont, that would be put in the best
conditions as for light, gas and water exchange (Nash
2008). All photobionts and all their fungal partners appear
to be desiccation tolerant, i.e. they can survive drying to
below 10 % water content, and resume normal metabolism
within minutes as soon as water becomes available again
(Kranner et al. 2008).

Desiccation tolerance occurs in phylogenetically unre-
lated taxa, such as tardigrades, fungi, mosses and ferns
(Alpert 2006), and it may be extended to the whole life
cycle of the organism, or just to some stages, as it happens,
e.g. in flowering plants. Here pollen grains and seeds are
often desiccation tolerant, whereas sporophytes only ex-
ceptionally (Berjak et al. 1990). Desiccation tolerant or-
ganisms generally can survive long periods in the dry state,
with time spans that range from days to several decades, as
in the extreme case of some seeds (Buitink and Leprince
2004). This is possible because in desiccation tolerant tis-
sues the combination of oligosaccharides and/or polyols,
proteins and other cytoplasmic molecules with low water
contents leads to the intracellular formation of glasses,
which are thermodynamically unstable solids with high
viscosity (Franks et al. 1991). In this condition molecular
mobility and the diffusion within the cytoplasm are ex-
tremely reduced and, therefore, all the chemical reactions
are slowed down. However, deleterious processes such as
lipid peroxidations, de-esterifications and Maillard reac-
tions still take place and over long periods, they can cause
viability loss (Buitink et al. 1998). Even lichens show an
exceptional ability to survive long periods in the dry state.
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For example, Lange (1953) was able to register their re-
viviscence after more than 90 weeks in the dry state at
laboratory  conditions, whereas Honegger (2003)
documented the germination of ascospores and vegetative
propagules (soredia) after 9.25 years stored desiccated at
—20 °C. Howeyver, it is still not clear to which extent this
capacity is an emerging character of lichenization. To date,
comparative research dealing with the physiology of iso-
lated vs. lichenized partners provided some indications, but
the results are not fully congruent. For example, Lange
et al. (1990) did not observe significant differences in the
photosynthetic performance of isolated vs. lichenized algae
under water stress, whereas Kranner et al. (2005) found
that molecular photoprotection is more efficient in the
lichen than in its isolated symbionts. Kosugi et al. (2009,
2013) also suggested that lichenization enhanced the des-
iccation tolerance of isolated photobionts.

In this work, we studied the influence of lichenization on
the longevity in the dry state of a Trebouxia species, i.e. a
representative of a green algal genus that occurs in c. 50 %
of the known lichens (Ahmadjian 1993). Trebouxia be-
longs to the order Trebouxiales (Chlorophyta), best known
as the “lichen algae group” (Leliaert et al. 2012), which
includes several other lichen symbionts (e.g. Asterochloris,
Myrmecia) and soil algae (e.g. Myrmecia). In this study the
alga was isolated from the lichen Parmotrema perlatum
(Huds.) M. Choisy, a mid-temperate foliose species of
humid habitats, and was identified as a still undescribed
species of the T. arboricola clade (L. Muggia, in litt.). The
resistance of the lichenized and the isolated and axenically
cultured Trebouxia to long-term storage in the dry state
was tested at increasing photo-oxidative conditions under
different light and air relative humidity (RH) regimes.
Chlorophyll a fluorescence (Chl,F) was used to assess the
physiological state of the algae, and semi-quantitative
histochemical localization of reactive oxygen species
(ROS) was carried out to test the influence of the exposure
conditions on ROS production.

Materials and methods
Lichen sampling and pre-treatment of samples

North-exposed thalli of the lichen Parmotrema perlatum
(Huds.) M.Choisy were collected from oak [Quercus pe-
traea (Matt.) Liebl.] trunks in a dolina wood of the Classic
Karst (Trieste, NE Italy) far from known pollution sources.
A detailed description of the collection site with charac-
terization of the epiphytic lichen vegetation is given by
Carvalho (1996). The material was dried in the laboratory
at room temperature for 24 h under dim light, and mosses
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and bark fragments were carefully removed with stainless
tweezers under a stereomicroscope. Marginal lobes
(50 &£ 3 mg DW) without necrotic spots, soralia or para-
sites were randomly selected for the experiments. Before
the treatments, the samples were subjected to a 2-day
conditioning process: they were immersed in distilled wa-
ter for 3 min every 12 h, and during the remaining time
were placed on Petri dishes within plastic boxes containing
water at the bottom; the boxes were covered, but not
sealed, with transparent plastic wrap (>95 % RH) and
placed in a thermostatic chamber at 18 &+ 1 °C with a
light/dark regime of 14/10 h and a light intensity of
20 pmol photons m~2 s~ '. This procedure was applied to
reduce potential photoinhibition phenomena due to differ-
ences in the light environment of the collection sites.

Isolation and culture of the lichen photobiont

An axenic strain of the photobiont from a thallus of P.
perlatum was isolated according to Yamamoto et al.
(2002). The isolated photobiont was inoculated in sterile
plastic tubes filled with ~5 mL of slanted solid Trebouxia
medium (TM; 1.5 % agar) (Ahmadjian 1973), and kept in a
thermostatic chamber at 18 + 1 °C and 17 & 2 pumol
photons m ™2 s~! with a light/dark regime of 14/10 h until
abundant biomass was produced. The photobiont was
subcultured every 30 days and kept at the same conditions.

The cultures used in the experiments were prepared by
inoculating 100 pL of a cell water suspension (density:
3.5 x 10° cells mL™") on hand-cut sterile filter paper discs
(Whatman, 60 = 5 g m72, diam. 25 mm), placed on solid
TM (1.5 % agar) in Petri dishes. Four filters were placed
one close to the other in each plate. The cultures were
grown at the same controlled conditions as described above
for 30 days before exposure. The cultured algal biomass
was estimated by measuring the chlorophyll content in
crude extracts (Table 1). The pigment extraction was car-
ried out using whole discs (n = 6) immersed in DMSO for
24 h (Tretiach et al. 2007a). The supernatant was analysed
spectrophotometrically, and the equations of Wellburn
(1964) were applied. The chlorophyll content was then
expressed on an area basis. Reference algal material was
cryo-conserved according to Dahmen et al. (1983) and is
available upon request.

Experimental design

Two separate experiments, A and B, were performed, with
Chl,F measurements (A and B) and histochemical local-
ization of ROS (A) carried out before exposure, after ex-
posure and after recovery under optimal conditions.

Experiment A

The lichen lobes and the discs bearing the axenically cul-
tured photobiont were exposed for 15 days to 3 % or 80 %
RH, and to 0, 40 or 120 pmol photons m 2 s ! with a
light/dark regime of 14/10 h. After this exposure, lobes and
cultures underwent a recovery period of 3 days at the re-
spective pre-exposure conditions, and the growth medium
of the algal cultures was changed from TM to BBM, which
does not contain organic nutrients. In this way it was
possible to limit the growth of fungi and/or bacteria after
exposure in non-axenic conditions (see below).

Experiment B

The lichen lobes and the discs bearing the axenically cul-
tured photobiont were exposed for 15, 30 or 45 days to 3 %
RH and to 0 or 120 pmol photons m~2 s~ ' with a light/-
dark regime of 14/10 h. After this exposure, lobes and
cultures were subjected to a recovery period of 1 day at the
same conditions described for experiment A.

Exposure conditions

The lobes and the discs bearing the algal cultures were
placed in desiccators with transparent lids (polypropilene-
polycarbonate, vol. 9.2 L, diam. 25 cm, h 30 cm; Kartell®,
Milan, Italy) inside an environmentally controlled chamber
at 20 £ 1 °C. Low (3 %) and high (80 %) RHs were ob-
tained using, respectively, silica gel and a saturated solu-
tion of NaCl, at the bottom of the desiccators. In order to
permit gas exchange with the external atmosphere while
maintaining a constant RH, the desiccators were modified
with an open funnel inserted at the top of the lid and filled
with silica gel (3 % RH) or wet paper (80 % RH) that was
changed daily. This procedure was adopted to maintain a

Table 1 Algal layer thickness, chlorophyll and carotenoid content (Chl,, Chl, and C,)) of lichenized (LT) and cultured (CT) Trebouxia sp.

Thickness (pm)

Chl, (ug/cm?)

Chl, (pgfem?) Coxro) (ngfem?)

LT 22+3
CT 99 £+ 13

43.2 + 2.0°
112.1 £ 6.4

164 + 0.1*
285 £ 1.6

11.6 £ 0.1*
258 £39

Values are means =+ 1 standard deviation (n = 6)
4 Data from Piccotto and Tretiach (2010)
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constant concentration of oxygen in the desiccators to en-
able respiration and photosynthesis at 80 % RH.

The lichen samples were illuminated using a Gavita
Superagro GAN 4-550 (GAVITA AS, Andebu, Norway)
with a high-pressure sodium lamp (Lucalox PSL 230 V
400 W). The thermal infrared emission was reduced with a
home-made glass filter chamber (40 x 40 x 4 cm) filled
with running tap water, placed at c¢. 7 cm from the light
source. The desiccators were covered by aluminium foil.
During exposure, RH and air temperature (°C) inside the
desiccators were constantly monitored with data loggers
(EL-USB-2, Lascar Electronics Inc, Whiteparish, UK). The
temperature of the samples was checked with a contact
thermocouple (Digi-Sense® Dual J-T-E-K™ Thermocou-
ple Thermometer, Eutech Instruments®, Landsmeer,
Netherlands) in a preliminary test and never exceeded
22 °C. PPFD values higher than 150 pmol photons
m~?s~' causing significant increases in sample tem-
perature were not applied.

Chl,F measurements

Chl,F measurements on LT were carried out for each ex-
posure condition on the same set of samples before and
after exposure and after the recovery period (exp. A:
n = 10; exp. B: n = 6). Measurements of CT were carried
out on two independent sets of discs bearing the photo-
bionts, one for the pre-exposure measurements and one for
the post-exposure and post-recovery measurements (exp.
A: n = 10; exp. B: n =15). This option was adopted to
limit contaminations during the recovery period.

Before measurements the lobes and the algal cultures
were rehydrated by submerging the lobes in distilled water
for 3 min, and by adding two drops of distilled water to
each culture disc and then by placing it in a Petri dish filled
with solid BBM medium. Lobes and cultures were then
dark adapted for 30 min.

Chl,F measurements were carried out with a pulse-am-
plitude-modulated fluorimeter Mini-PAM (Walz, Effel-
trich, Germany), positioning the measuring optic fibre
(length: 100 cm; active diameter: 5.5 mm) at 60° on the
upper surface of terminal parts of the lobes, because these
portions have considerably higher Chl,F emission than the
central ones (Tretiach et al. 2007b), and on the centres of
the culture discs, because of the higher cell density. The
modulated light was turned on to obtain F (minimal Chl,F
level). A saturating light pulse of ca. 8000 umol photons
m2s! for 0.8's was emitted to obtain F,, (transient
maximum ChlF level) and to calculate F, (variable Chl,F
level, i.e. Fy, — Fy) and F,/F,, (maximum quantum effi-
ciency of PSII photochemistry) (Genty et al. 1989). An
external actinic light provided by a light unit FL-460
(Walz) with a halogen lamp was turned on to record the
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Kautsky effect at 108 pmol photons m~2 s~ (light inten-

sity consistent with the species-specific PPFDy, value of P.
perlatum as described by Piccotto and Tretiach 2010).
Once the peak F}, was achieved, saturating light pulses
were applied at 60 s intervals during actinic illumination to
determine non photochemical quenching (NPQ) (e.g.
Rohacek 2002; Baker 2008). NPQ was calculated as
(Fm — F')/F ., where F', is the maximum quantum yield
of PS II in illuminated samples. Maximum quantum yield
and NPQ were selected because both are influenced by
light during prolonged desiccation periods (gtepicové et al.
2008; Gauslaa et al. 2012).

Histochemical localization of ROS production

Immediately after each treatment three lobes and three
cultures were frozen in liquid nitrogen and stored at
—80 °C until use. The histochemical localization of ROS
production in the lichen lobes was conducted according to
Pellegrini et al. (2014). Before the analysis, several tests
were performed to assess the possible interference of lichen
substances on the assay by removing them with repeated
washes in pure (99.9 %) acetone (Sigma-Aldrich, St.
Louis, MO, USA). As will be discussed later on, no effect
was detected at cortical and algal layer but the removal
from the medullar layer resulted in a better detection of
ROS in the mycobiont hyphae. However, the washing
treatment with acetone was later avoided since acetone is a
strong dehydrating agent and its application could have
thus compromised the results. Lobes taken from the freezer
were left to warm up at room temperature for 10 min and
then rectangular fragments of 4 x 3 mm were cut with a
stainless blade, rehydrated in distilled water for 5 min and
patted dry with absorbent paper to remove the excess of
water. The fragments were mounted in a cryostat embed-
ding medium (Killik, Bio-Optica, Milan, Italy) and then cut
with a cryotome LEICA CM 1510 S (Leica microsys-
tems®, Wetzlar, Germany) to obtain 30 um thick
transversal sections. These were immersed in 15 mL of an
aqueous solution 10 uM of 2/,7'-dichlorofluorescin diac-
etate (DCFH-DA, HPLC grade, Sigma-Aldrich) inside a
vacuum chamber in the dark for 90 min. DCFH-DA is a
non-polar molecule that can enter the cell and is deacety-
lated by intracellular esterases to 2’,7'-dichlorofluorescin
(DCFH), a polar molecule unable to cross membranes.
DCFH is then oxydized by H,O, or other ROS to 2/,7’-
dichlorofluorescein (DCF), a fluorescent molecule, with an
exciting/emission wavelength of 488/525 nm. After this
treatment, seven transversal sections were put on glass
slides and observed; image acquisitions were taken only for
three randomly selected sections.

Frozen cultures were thawed at room temperature for
10 min, rehydrated with two drops of water for 5 min and
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re-suspended in 1 mL of the DCFH-DA 10 pM solution.
The culture suspension was incubated for 30 min in the
dark on a shaker and then centrifuged at 1400g for 1 min.
The DCFH-DA supernatant was discharged and the pellet
re-suspended in distilled water (400 pL). One drop of the
water suspension was put on a glass slide and observed
with a confocal laser scanning microscope (CLSM) Nikon
Cl-si (Nikon, Tokyo, Japan). Image acquisitions were
carried out for three randomly selected fields after careful
observation of the whole sample surface.

Lobe sections and culture suspensions were excited with
an argon laser at 488 nm with an intensity of 10.5 %. The
signal from the excited DCF was acquired with a
515/30 nm band pass filter. Emission of the autofluores-
cence from chlorophyll was acquired with a 650 nm long
pass filter (4 > 650 nm). Each acquired field was made by
a variable number of focal planes, depending on the
thickness of the sections and on the algal abundance, to
permit the ROS localization at the intracellular level. Ac-
quisitions were elaborated with the Nikon EZ-CI1
FreeViewer software (Nikon, Tokyo, Japan) and with the
freeware suite ImageJ 1.46r (National Institutes of Health,
Washington DC, USA). A unification algorithm (Z-pro-
jection) was applied to each confocal acquisition to obtain
bi-dimensional images. The entire set of images was
analysed to provide a semi-quantitative estimation of the
ROS production in the photobiont cells. A cell count was
performed to calculate the percentage of cells that devel-
oped ROS. Mature cells (diam > 6 pm, according to
Tschermak-Woess 1989) were distinguished from aplano-
or autospores, and dead cells or cells with a collapsed
chloroplast were excluded. Production of ROS was con-
sidered to occur when the signal of intracellular excited
DCF was higher than the background noise due to DCFH-
DA.

RH equilibration during exposure
The samples were introduced into the desiccators in the fully

hydrated state (Table 2) and this resulted in a different de-
hydration rate that was faster at 3 % than at 80 % RH; the

Table 2 Vapour pressure deficit in the desiccators (VPD, KPa) and
relative water content (% RWC) and water potential (¥y,, MPa) of

RH monitored within the desiccators equilibrated slower in
the latter RH (see Online Resource S1 and S2). However, a
preliminary experiment based on Chl,F measurements and
the histochemical localization of ROS showed that the dif-
ferent times of equilibration to 3 and 80 % RH did not affect
the Chl,F emission but caused a slight increase in ROS
production in the samples equilibrated to 80 % RH.

Additional data

Measurements of cortex transmittance were carried out on
dry and wet lobe fragments (4 x 3 mm; n = 8) to char-
acterize the shielding effect of the cortical layer of the
mycobiont that protects in the lichen thallus the algae from
direct light. Moistened fragments of lichen lobes were
flattened between two paper sheets, gently pressed, left to
dry out for 1 day and then stuck with double-sided trans-
parent adhesive on single microscope slides with the lower
surface up. The lower cortex, the medulla, and most of the
algal layer were then carefully removed with a blade under
a stereo-microscope working at high magnification (115 x).
The removal process was interrupted when the upper cor-
tex was visibly intermingled with clusters of algae. The
samples were placed under the 5x objective of a Zeiss
Axioplan microscope (Carl Zeiss, Jena, Germany). Light
was set at the maximum intensity and the PPFD passing
through the sample was measured by placing the probe of a
quantum radiometer HD 2302.0 (Delta Ohm, Padua, Italy)
directly on the microscope ocular. In dry and wet frag-
ments cortex transmittance through the first algal layer was
14 £ 2 and 22 4+ 3 % of the PPFD, respectively, when
passing through an empty glass covered with the adhesive.

The algal layer thickness in the lichen thalli and in the
culture discs was also measured (Table 1). In the first case
the measurements were performed directly on a subset of
confocal samples (see above; n = 6) using the measuring
tool of the program Nikon EZ-C1 FreeViewer, whereas in
the second case they were performed under the light mi-
croscope on sections (10 pm thick) of culture disc frag-
ments (4 x 3 mm) embedded in Technovit 7100 resin
(Heracus-Kulzer).

after 15 days of exposure (Post-) at 3 and 80 % of air relative

humidity (% RH), and after 3 days of recovery (Rec-) at 20 pmol
—2 —1

lichenized Trebouxia sp. samples measured before exposure (Pre-), photons m™~ s~ and 100 % RH, with morning and evening watering

Pre- Post- Rec-

% RH VPD % RWC Yy % RH VPD % RWC Y % RH VPD % RWC Yy

~100 ~0 247 + 14 0 3 227 3.0+ 0.5 —474* ~ 100 ~0 317 + 34 0
80 0.47 15.1 £ 0.7 —41 £ 1

Values are mean = standard error (n = 3/6)

# Calculated according to the formula reported in Gauslaa et al. (2012): Y, = (RT,/V) x log.(RH/100)
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The relative water content (% RWC) of lobes was cal-
culated as (FW, — DW)/DW x 100, where FW, is the
sample weight after each treatment (t: pre-, post- exposure,
recovery) and DW is the sample weight after drying for
48 h in silica and 24 h in an oven at 70 °C. The water
potential of fully hydrated (pre-exposure and recovery,
n = 6) and desiccated lobes (3 and 80 % RH, n = 3) was
measured with a dew-point water potential meter WP4
(Decagon Devices Inc., Pullman, WA, USA) as detailed in
Nardini et al. (2013).

Statistics

All calculations were performed with Microsoft Office
Excel 2003 SP3 (Microsoft corporation, Redmond, WA,
USA) and STATISTICA 6.0 (StatSoft Inc., Tulsa, OK,
USA). A one-way ANOVA was performed to verify the
significance of differences before and after exposure and
after the recovery period, whereas a factorial ANOVA was
performed to test the influence of the environmental de-
scriptors (light and RH) and “lichenization” on the
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Fig. 1 Maximum quantum yield of photosystem II (F,/F,) (a, b) and
non photochemical quenching (NPQ) (c, d) at 3 % RH (a, ¢) and
80 % RH (b, d) measured in lichenized (grey bars) and cultured
(white bars) Trebouxia sp. before exposure (Pre-), after 15 days of
exposure (Post-) at 0, 40 and 120 pmol photons m~> s~' and after

3 days of recovery (Rec-) at 20 pmol photons m 2 s~ ' and 100 %
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fluorimetric parameters measured in experiment A. Sch-
effe’s post hoc test was then applied to verify significant
differences between datasets. Other statistical analyses
were conducted applying the non-parametric Mann—Whit-
ney U test, also known as Wilcoxon non-paired test, as
suggested by Lazar and Naus (1998) and Baruffo and
Tretiach (2007).

Results
Chl,F

The F,/F,, values of cultured (CT) and lichenized (LT)
Trebouxia sp. after the initial conditioning process ranged
from 0.633 to 0.708 (both experiments; Figs. 1, 2), con-
firming that the samples were healthy before exposure.
After the 15 days of exposure in exp. A, Chl,F emission
was impaired. F,/F,, of LT decreased proportionally to
PPFD at both % RHs values (Fig. 1), although the decline
was significantly more pronounced at 3 % RH (—60 %) than

80% RH
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standard error; significant differences (One-way ANOVA, Scheffé’s
post hoc test) against Pre- and Post-values for P < 0.05 are marked
a and b, respectively, whereas for P < 0.001 they are marked aa and
bb(n=10ina,b;n =5inc, d)
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Fig. 2 Maximum quantum yield of photosystem II (F,/F,) (a, b) and
non photochemical quenching (NPQ) (c, d) at 120 (a, ¢) and O (b,
d) pmol photons m~2 s~ measured in lichenized (grey bars) and
cultured (white bars) Trebouxia sp. before exposure (Pre-), after
exposure (Post-) of 15, 30 and 45 days at 3 % RH and after 24 h of

at 80 % RH (—30 %; Fig. 1) at the highest PPFD. F,/F,, of
CT also decreased proportionally at 3 % RH, but apparently
not at 80 % RH, for the pronounced decrease observed in
the dark-exposed samples. Light was actually the most im-
portant factor affecting F,/F,,, with an F' value almost ten
times higher than the other factors (Table 3). NPQ changed
significantly (P < 0.001) in CT but not in LT. In the former,
NPQ decreased proportionally to PPFD at 3 % RH, whereas
at 80 % RH an intense decrease was observed only at the
highest PPFD (P < 0.001; Fig. 1d). In this case the principal
factor influencing NPQ was lichenization, immediately fol-
lowed by RH and light (Table 3).

The recovery period allowed a general re-establishment
of standard Chl,F emission. Lichenized Trebouxia recovered
F,/F,, totally at both % RH values, confirming that no
permanent damage to the photosynthetic apparatus occurred.
Interestingly, the post-recovery NPQ values were higher
than the pre-exposure ones, but the increase was propor-
tional to PPFD only in the samples exposed at 3 % RH
(Fig. 1). Cultured Trebouxia recovered the pre-exposure
values of F,/F,, and NPQ (Fig. 1c, d), and at 3 % RH, in
particular, the increasing trend was the same observed in LT.
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recovery (Rec-) at 20 pmol photons m~2 s~ and 100 % RH with
morning and evening watering. Values are means =+ 1 standard error;
significant differences (Mann—Whitney U test) against Pre- and Post-
values for P < 0.05 are marked a and b, respectively (n = 4-6)

The extension of the exposure period at 3 % RH (exp.
B) caused an increasing photo-inhibition over time in
both light-exposed LT and CT (Fig. 2). F,/F,, decreased
more in LT than in CT and was absent after 45 days. F,/
Fy, of CT strongly decreased, too (final median: 0.192;
Fig. 2). The exposure in the dark did not cause any
statistically significant decline of F,/Fy, in both LT and
CT (Fig. 2b).

Also in this case, NPQ showed a different trend in LT
vs. CT: a significant decrease was observed after 15 days in
both light-exposed LT and CT, but it became more intense
over time only in CT (Fig. 2). In the dark, after 30 and
45 days, a significant decrease was observed in CT, but not
in LT.

In this experiment, the recovery period allowed only a
partial re-establishment of Chl,F emission. After 30 and
45 days, the dark-exposed samples recovered pre-exposure
F,/F,, values, whereas the light-exposed ones did not. In
the latter case, LT was less efficient than CT (Fig. 2). On
the contrary, LT could completely recover the initial NPQ,
whereas CT recovered only partially at both dark- and
light-regime (Fig. 2).
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Table 3 Multifactorial

ANOVA (General Linear Source FulFm NPQ
Model) for maximum quantum df F P df F P
yield (F\/F,,) and non
photochemical quenching Lichenization 1 17.079 <0.001%* 1 46.101 <0.001%**
(NPQ) measured in lichenized RH 1 5.958 0.016* 1 201753 <0.001%*
(LT) and cultured (CT) "
Trebouxia sp. after 15 days of PPFD 2 151.659 <0.001%*%* 2 14.489 <0.001%**
exposure at O7 40 and 120 Hmo] Lichenization x RH 1 18.202 <0.001** 1 6.931 0.011*
photons m™* s~' and at 3 and Lichenization x PPFD 2 1.512 0.225 2 4.345 0.018*
80 % RH RH x PPFD 2 19931 <0.001%* 2 2.639 0.082
Lichenization x RH x PPFD 2 4.383 0.015%* 2 2.639 0.082
Error 108 48
Total 119 59

The factors (source) influencing F,/F,, and NPQ are lichenization (LT = yes; CT = no), air relative

humidity (RH) and light (PPFD)
* Significant P < 0.05

** Extremely significant P < 0.001

Table 4 Percentage of lichenized (LT) and cultured (CT) Trebouxia
sp. cells producing ROS (% Rc) before exposure (Pre-), after 15 days

of exposure (Post-) at 3 and 80 % RH and at 0, 40 and 120 pmol
2

photons m™ s~! (PPFD), and after 3 days of recovery (Rec-) at
20 pmol photons m 2 s~' and 100 % RH with morning and evening
watering
Pre- Post- Rec-
% Rc % RH PPFD % Rc % Rc
LT 7+4 3 0 9+5 15+7
3 40 18 £ 8 28 + 2%
3 120 32 £4%2 26430
80 0 5+2 12+ 6
80 40 16 + 4 13+£3
80 120 33 £4%2 2346
CT 12+5 3 0 37 + §° 10+£5
3 40 57 + 14* 45 £+ 15%
3 120 55 £ 10* 63 + 16*
80 0 39 £ 12 37 + 13*
80 40 17+£7 69 + 12°°
80 120 50 + 12°! 50 + 6*

Values are mean =+ standard error; significant differences (Mann—
Whitney U test) against Pre- and Post-values for P value <0.05 are
marked a and b, respectively. Significant differences of 120 PPFD
against 40 PPFD and O PPFD are marked 1 and 2, respectively
(n=23)

Histochemical localization of ROS

Before exposure, ROS were detected only in a small per-
centage of cells in both LT and CT (Table 4), being mostly
restricted to the cytoplasm; sporadically an intense ROS
staining was observed in the central portion of the
chloroplast corresponding to the pyrenoid (Fig. 3b). In the
LT samples, ROS were generally observed also in the
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mycobiont cells, particularly in the paraplectenchymatous
upper cortex, in the melanized lower cortex and in the
appressoria, i.e. the specialized hyphal cells in physical
contact with single photobiont cells (Fig. 3f). No reaction
was observed in the aerial medullar layer (Fig. 3 e—g, k-
m).

After exposure, cells producing ROS increased propor-
tionally in LT from 0 to 120 pmol photons m™2 s~ to a
maximum of four times as much as pre-exposure
(P < 0.05; Table 4), whereas in CT samples ROS pro-
duction was differently influenced: it increased statistically
after the exposure, with the exception of low-PPFD-ex-
posed samples at 80 % RH (Table 4): in this case light
induced only a slight increase of ROS which was not,
however, statistically significant (Table 4). Air humidity
was never influential.

In the LT samples the recovery period did not allow a
reduction of the number of cells producing ROS, whose
presence remained relatively frequent in PPFD-exposed
samples at both % RH values (Table 4). On the contrary,
the CT samples had a ROS production very similar to the
post-exposure one(s), with two exceptions: dark-exposed at
3 % RH, which recovered totally, and low PPFD-exposed
at 80 % RH, in which the percentage of cells with ROS
production increased (Table 4).

Discussion

In this study the effect of lichenization on the desiccation
tolerance of a Trebouxia alga was tested under increasing
photo-oxidative conditions at different environmental
moisture regimes. The Trebouxia culture (CT) used for this
experimentation is functionally different from the
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Fig. 3 Micrographs of Parmotrema perlatum (a, e-g, k-m) cross
sections and Trebouxia sp. cultures (¢, h—j, n—p) stained with DCFH-
DA and observed with a confocal laser scanning microscope before
exposure (a, ¢), after 15 days of exposure (e—j) at O (e, h), 40 (f, i) and

120 (g, j) pmol photons m— s~ at 3 % RH and, respectively, after

3 days of recovery at 20 pumol photons m~2 s~' and 100 % RH with
morning and evening watering (k—p). Green signal emitted by DCF,

population inside a lichen lobe (LT, Fig. 3) (see Online
Resource S3), and even from the isolated photobionts used
by previous authors (see, e.g. Kosugi et al. 2009, 2013) for
very short experiments and recovery times. Nonetheless,
our comparison offers some interesting results, which al-
lows suggesting new hypotheses regarding the mutual
benefits of lichenization for the two partners.

Experiment A showed that light was the environmental
factor with the most negative effects in both desiccation
regimes. Consistent with earlier studies (Solhaug and
Gauslaa 1996; Gauslaa et al. 2012) light induced a photo-
inhibitory effect proportional to the illumination regime in
both LT and CT. It is important to note that the light in-
tensity was not the same for LT and CT, due to the pres-
ence of the thalline upper cortex in LT, which has a
shielding effect (Dietz et al. 2000; Kosugi et al. 2010).
Notwithstanding the low PPFD to which LT was actually

red signal by chlorophyll a after an excitation with lasers at 1 = 488
and 637 nm, respectively. In b, cross section of a lichen lobe with
ROS diffused in both photobiont and mycobiont cells (arrows
pyrenoids). In d, Trebouxia sp. mature cells observed at the light
microscope (differential interference contrast). Bar 15 um (a, e-g, k—
m); 30 um (b—d, h-j, n—p)

exposed, LT showed an increased “oxidative burst” upon
rehydration. This phenomenon was already observed in
lichens (Weissman et al. 2005; Catala et al. 2010) and in
mosses (Minibayeva and Beckett 2001; Cruz de Carvalho
et al. 2012), but the influence of the illumination in the time
span prior to rehydration was not tested before. Protracted
periods under photo-oxidative conditions cause an inevi-
table impairment of the antioxidant machinery (Kranner
et al. 2005; Vrablikova et al. 2005) which can leave the
cells unprotected against the subsequent oxidative burst
derived from the sudden metabolism reactivation (Weiss-
man et al. 2005). This scenario agrees with our ex-
perimental evidence, because after a period under photo-
oxidative conditions the number of algal cells affected by
oxidative burst significantly increased (Table 4). The same
behaviour was observed in the fungal cells of the upper
cortex, but not in the cells of the medulla, because the
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cortical layers are hydrophilic, whereas the medulla is
hydrophobic (Honegger 1991) due to the deposition of
lichen substances on the hyphal cell walls (Scherrer et al.
2000) that prevent DCFH-DA diffusion into the cells (data
not shown).

By contrast, the ROS burst in CT was caused propor-
tionally more by desiccation than by light because it was
observed also in dark exposed samples. In agreement with
the results of Kranner et al. (2005), that will be further
discussed below, this suggests the hypothesis that pro-
longed periods in the dry state cause a more intense ROS
production upon rehydration in CT than in LT. In vascular
plants it is known that in certain circumstances ROS are
purposefully produced as signalling molecules to modulate
growth, defence against pathogens and stomatal aperture
(Apel and Hirt 2004). Therefore, we cannot exclude a
priori a possible positive role played by this increased ROS
burst.

Interestingly, the LT samples in equilibrium with 80 %
RH could mitigate the negative effect of light on the
photosynthetic apparatus. This result is consistent with the
findings of Gauslaa et al. (2012), who observed the same
phenomenon in two other chloro-lichens, Lobaria pul-
monaria and Platismatia glauca. A possible explanation
can be found in the quantity of water still present, which
was small (Table 2) but evidently sufficient to permit
minimal metabolic activity (Lange et al. 1990; Nash et al.
1990), with some protection mechanisms still partly func-
tioning during the exposure period. This hypothesis is re-
inforced by the recent experimental evidence of Fernandez-
Marin et al. (2013), who demonstrated that an enzymatic
activity is still detectable in a moss with very low water
content. However, it is worth noting that the mitigating
effect due to the equilibrium with high RH was not suffi-
cient to avoid photo-inhibitory phenomena in CT. Our
study showed that statistically (Table 3) lichenization has a
clear influence on the algal partner. The NPQ after the
exposures of CT was always different from that of LT, with
CT showing a more pronounced decrease in response to
light intensity and exposure length. Considering that NPQ
is related to the xanthophyll cycle activity (Gilmore et al.
1994; Miiller et al. 2001; Fernandez-Marin et al. 2010), the
differences between CT and LT match those observed by
Kranner et al. (2005) who demonstrated that the an-
tioxidant machinery and the xanthophyll cycle activity of a
lichenized alga provide better protection against photo-
oxidative stress than that of the isolated one. In addition, at
the biochemical level the beneficial effect of lichenization
is also supported by the findings of Kosugi et al. (2013)
who recently observed that the increased NPQ occurring in
the desiccated status (d-NPQ; Heber et al. 2007; Heber
2008) benefits from an apparent movement of arabitol from
the mycobiont to the photobiont upon dehydration. On the
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other hand, after 3 days of recovery both LT and CT
showed an increase in NPQ proportional to the light in-
tensity applied during the exposure and triggered only by
complete desiccation (Fig. 1c). Acclimation to changes in
the environmental light conditions via NPQ is reported for
lichens but at a different time scale. MacKenzie et al.
(2002) observed a seasonal increase in NPQ whereas in our
case it occurred just in 3 days. Such fast acclimation was
previously observed in vascular plants (Zia et al. 2011) and
mosses (Gerotto et al. 2011) and, depending of the stress
type (e.g. osmotic stress, light), it involves the increase in
the xanthophylls pool or the overexpression of the Psbs
protein. Considering that both NPQ mechanisms are pre-
sent in lichens (Schofield et al. 2003) we cannot exclude
their combined contribution to this increase as a response
to the increased ROS burst.

Experiment B was intended to test the extent of CT
desiccation tolerance by extending the exposure period.
This experiment demonstrated that Trebouxia is not as
“delicate” as generally considered. It survived a desicca-
tion period of 45 days under photo-oxidative conditions,
although it suffered increased photo-inhibition over time.
Interestingly, the performance of Trebouxia was compa-
rable to that of six desiccation-tolerant green algae isolated
from soil-crusts of desert environments (Gray et al. 2007)
and subjected to experimental conditions very similar to
those applied in this study. On the other hand, LT recov-
ered less than CT. This was possibly due to the loss of
vitality of the mycobiont that could have further impaired
the recovery capacity of the photobiont. As a matter of fact,
the lichen lobes showed bleaching of the upper cortex and
became brittle after 30 days of light exposure, and even
more so after 45 days. Both phenomena were not observed
in the dark exposed samples. Bleaching of the upper cortex
due to light exposure is commonly related to a loss of
photosynthetic pigments by the photobiont layer (Gauslaa
and Solhaug 2000). However, in this case, the rehydration
of samples revealed the typical bright green colour of a
healthy algal layer, and not the expected brownish colour
caused by the degradation of chlorophylls into
phaeophytins.

Taken together, our results suggest that the weak partner
of this lichen symbiosis is the mycobiont, not the photo-
biont. This is in good agreement with the known ecology
and chemistry of the lichen. Parmotrema perlatum is rather
hygrophilous (Nimis and Martellos 2008) and for this study
the samples were collected in a woody habitat with high
moisture and frequent dew events (Carvalho 1996). For
these reasons this lichen is neither adapted to withstand
long periods of drought nor to face high PPFD for several
hours a day.

In conclusion, this study confirmed that light is a par-
ticularly important environmental factor for Trebouxia in



Planta (2015) 242:493-505

503

both its isolated and lichenized state. It was demonstrated
that the symbiosis benefits the algal partner by increasing
its photo-protective mechanisms. However, under our
relatively mild experimental conditions, this influence was
not a determinant for the survival of the algal partner. Free-
living Trebouxia can withstand even prolonged periods of
photo-oxidative stress without the protection provided by
the fungus. However, we cannot exclude that the distri-
bution of the free-living alga in natural habitats could be
eventually limited by high-light regimes harsher than those
applied here.

The results of this study allow considering the influence
of the mycobiont on the algal partner also from another
perspective. The lichenized Trebouxia had a photosynthetic
performance very similar to that of the isolated counterpart
grown on a culture medium rich in all the inorganic and
organic nutrients required for optimal development (Ah-
madjian 1993). This could mean that the mycobiont is
capable to recover and to provide its partner with all the
mineral and organic nutrients essential to a sub-optimal
growth, even though it occurs in a relatively nutrient-poor
environment (Carvalho 1996). This exchange is well
known in several other cases of fungal symbioses, e.g. in
mycorrhiza (Govindarajulu et al. 2005), and it occurs to
such a great extent to be fundamental for the survival of
entire biomes (Malloch et al. 1980). To date, the movement
of solutes from the mycobiont to the photobiont has not
been fully circumstantiated yet (Nash 2008), although it
represents a very promising field for further research.

In conclusion our work confirms that lichenization can
influence the physiology of the photobiont, but it also
shows that this species of Trebouxia is perfectly apt to
withstand prolonged periods of time in the desiccated sta-
tus under mid photo-oxidative conditions also outside a
lichen thallus. In the future, from the comparison of the
physiological performance of diverse isolated lichen pho-
tobionts under photo-oxidative conditions, we could un-
derstand why Trebouxia is one of the most common
photobionts in the lichen symbiosis.
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