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* Background and Aims One of the most distinctive features of desiccation-tolerant plants is their high cell wall
(CW) flexibility. Most lichen microalgae can tolerate drastic dehydration-rehydration (D/R) conditions; however,
their mechanisms of D/R tolerance are scarcely understood. We tested the hypothesis that D/R-tolerant microalgae
would have flexible CWs due to species-specific CW ultrastructure and biochemical composition, which could be
remodelled by exposure to cyclic D/R.

e Methods Two lichen microalgae, Trebouxia sp. TR9 (TR9, adapted to rapid D/R cycles) and Coccomyxa sim-
plex (Csol, adapted to seasonal dry periods) were exposed to no or four cycles of desiccation [25-30 % RH (TR9)
or 55-60 % RH (Csol)] and 16 h of rehydration (100 % RH). Low-temperature SEM, environmental SEM and
freeze-substitution TEM were employed to visualize structural alterations induced by D/R. In addition, CWs were
extracted and sequentially fractionated with hot water and KOH, and the gel permeation profile of polysaccharides
was analysed in each fraction. The glycosyl composition and linkage of the main polysaccharides of each CW
fraction were analysed by GC-MS.

* Key Results All ultrastructural analyses consistently showed that desiccation caused progressive cell shrinkage
and deformation in both microalgae, which could be rapidly reversed when water availability increased. Notably,
the plasma membrane of TR9 and Csol remained in close contact with the deformed CW. Exposure to D/R
strongly altered the size distribution of TR9 hot-water-soluble polysaccharides, composed mainly of a 3-3-linked
rhamnogalactofuranan and Csol KOH-soluble 3-glucans.

* Conclusions Cyclic D/R induces biochemical remodelling of the CW that could increase CW flexibility, al-
lowing regulated shrinkage and expansion of D/R-tolerant microalgae.

Key Words: Cell wall, cell wall folding, cell wall remodelling, Coccomyxa, desiccation, desiccation tolerance,

lichen, microalgae, Trebouxia.

INTRODUCTION

Lichens are mutualistic symbiotic systems in which at least two
different organisms coexist: a fungus (mycobiont) and one or
more photosynthetic partner that can belong to the cyanobacteria
(cyanobiont) and/or the green algae (phycobiont). In some of these
systems, the presence of two or more microalgae (Casano et al.,
2011), bacteria (Molins et al., 2013) or yeasts (Aschenbrenner
et al., 2014) has recently been described. Lichens are found in
a variety of environments that range from mild habitats such as
humid tropical forests (Aragén et al., 2016) to extreme ecosystems
such as the Arctic (Ascaso et al., 1990; Zhang et al., 2015) and hot
deserts (Vargas Castillo ez al., 2017), where vascular plants cannot
grow (Fritsch and Haines, 1923; Belnap e al., 2001).

Lichens and their green microalgae have both been described as
poikilohydric organisms, meaning that they do not actively regu-
late their water content; consequently, they depend on the avail-
ability of water in the environment. Lichens can be exposed to long

periods of water shortage, which causes protoplast desiccation, a
potentially strong abiotic stress (Kranner et al., 2008). When water
becomes available again, the lichen thallus rehydrates, and after
the first few minutes or hours of rehydration active metabolism is
restored (Schroeter et al., 1992; Tuba et al., 1996). Accordingly,
these organisms, adapted or acclimatized to alternating desicca-
tion—rehydration (D/R) cycles, have developed desiccation toler-
ance (DT), defined as a set of strategies to cope with these extreme
conditions, which permit survival with a cellular water content
of ~5-10 % (Gaff, 1971; Holzinger and Karsten, 2013), in some
cases for long periods (Kranner et al., 2008).

Ramalina farinacea is an epiphytic fruticose lichen that is
widely distributed in Mediterranean environments and is adapted
to continuous rapid cycles of diurnal and/or seasonal desic-
cation and rehydration (Casano et al., 2011) with an average
relative humidity (RH) of ~25-30 %. Solorina saccata is a fo-
liose lichen with a geographical distribution that encompasses
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mild and cold areas, where it is normally protected in cracks
of calcareous rocks, which predominantly present microenvir-
onments with an RH of 55-60 % (during the dry season) or
more. In a previous study (Centeno et al., 2016), we studied the
physiological responses of two lichen microalgae with a con-
trasting habitat preference, when exposed to desiccation below
25-30 % RH and then rehydrated. These were Trebouxia sp.
TRY (TRY), isolated from R. farinacea, and Coccomyxa sim-
plex (Csol), obtained from S. saccata. The relative water con-
tent and water potential were recorded throughout the process
together with sugar and primary metabolite profiles. Under
these experimental conditions, both desiccation and rehydration
occurred more rapidly in Csol than in TR9. Metabolomic ana-
lyses showed notable differences between the two microalgae,
whereby TR9 was constitutively richer in polyols and capable
of increasing synthesis of osmo-compatible solutes during des-
iccation, whereas Csol increased polyol synthesis under D/R.
Although both microalgae are desiccation-tolerant, in TR9 this
capacity seems to rely mainly on constitutive features, whereas
in Csol a higher proportion of inducible mechanisms appears to
play a role in DT.

The most studied desiccation-tolerant organisms are those
known as ‘resurrection plants’, a group of angiosperms that
activate physiological, structural and biochemical responses to
cope with desiccation stress (Farrant et al., 2017 and references
therein). These plants and some charophyte algae have evolved
flexible cell walls (CWs), with distinctive biochemical and
ultrastructural features, that fold as the protoplast shrinks due
to dehydration and expand during rehydration (Moore et al.,
2008a,b; Holzinger and Pichrtovd, 2016). The immediate con-
sequence of this CW flexibility is to prevent the mechanical
stress occurring during dehydration in cells with a relatively
rigid CW, which damages the subtle connections between
plasma membrane and wall (Sherwin and Farrant, 1996; Vicré
et al., 2004; Moore et al., 2006). Recently, Farrant et al. (2017)
reported that the flexibility of the CWs of the resurrection plant
Craterostigma wilmsii seems to increase under desiccation con-
ditions due to changes in glycosyl composition and the mo-
lecular size of xyloglycans. The ‘controlled collapse’ of CWs
and changes in CW thickness have also been observed in the
green microalga Klebsormidium (Streptophyta) under similar
conditions (Holzinger and Karsten, 2013).

Few studies have been conducted on CW polysaccharide
composition in lichen-forming algae. Besides a very low
content (or even absence) of cellulose, the predominance of
[-galactofuranans has been reported in the photobionts of
Ramalina gracilis and Cladina confusa (Cordeiro et al., 2005,
2007). More recently, we analysed the ultrastructure and poly-
saccharide composition of the microalgae of R. farinacea. Two
green microalgae (Trebouxia jamesii and TR9) with different
CWs (Casano et al., 2011) coexist in this epiphytic lichen. At
the ultrastructural level, we observed four clearly differentiable
layers in the 7. jamesii CW, whereas TR9 showed a more dif-
fuse structure in which only three layers could be distinguished.
Fractionation of 7. jamesii and TR9 CWs revealed a high pro-
portion of galactose, xylose and rhamnose that was associated
with a (-xylorhamnogalactofuranan present in the hot water
fraction. Meanwhile, the alkaline fraction showed high propor-
tions of galactose, glucose and mannose similar to those found
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in Asterochloris erici (Cordeiro et al., 2007). In addition, a
comparative analysis of TR9 and Csol CWs indicated that al-
though both CWs had the same number of layers (three), these
were thinner and more defined in Csol than in TR9 (Casano
et al., 2011, Alvarez et al., 2015). Furthermore, glucose, man-
nose, galactose and rhamnose were the predominant mono-
saccharides in Csol, in contrast to the glycosyl composition
of the TR9 CW. Some genera of Trebouxiophyceae, such as
Coccomyxa, also present algaenans, highly aliphatic, insol-
uble, non-enzymatically hydrolysable biopolymers previously
known as sporopollenin (Zhang and Volkman, 2017), in the
outermost layer of their CWs (Honegger, 2012 and references
therein). Algaenans could play a role associated with resistance
to biotic and desiccation stress (Dunker and Wilhelm, 2018).
The distribution of algaenans in the class Trebouxiophyceae is
not uniform, since they have been found in the CWs of some
species of Coccomyxa and Myrmecia, but their presence is
controversial in the Trebouxia genus (Honegger and Brunner,
1981; Konig and Peveling, 1984).

It should be noted that analyses of algal CWs in general, and
those of lichen microalgal CWs in particular, have primarily
been performed with cells under control (hydrated) conditions
rather than the cyclic D/R conditions that often occur in natural
lichen habitats. This practice may fail to detect information on
the degree of DT or acclimation responses. Therefore, our hy-
pothesis was that lichen microalgae such as TR9 and Csol with
distinctive DT strategies, probably resulting from adaptation/
acclimation to contrasting environments, would have flexible
CWs. However, this mechanical feature might vary between
these two microalgae due to species-specific ultrastructural ar-
rangement and biochemical composition, which in turn might
be remodelled by exposure to cyclic D/R. In consequence, the
aim of the present study was to investigate whether these lichen
microalgae are capable of folding and expanding their CWs fol-
lowing protoplast contraction and expansion due to exposure
to desiccation and rehydration, respectively. In addition, we
sought to determine possible acclimation changes in CW poly-
saccharides after exposure to cyclic D/R in which each alga was
desiccated under conditions similar to those found in their nat-
ural habitats (25-30 % RH for TR9, 55-60 % for Csol).

MATERIALS AND METHODS

Microalga isolation and culture

Trebouxia sp. TR9 microalga was isolated from the lichen
Ramalina farinacea collected at S* El Toro (Castellén, Spain;
39°54°16” N, 0°48220” W) (Gasulla et al., 2010). Coccomyxa
simplex (formerly C. solorinae-saccatae, strain 216-12) was
obtained from the SAG Culture Collection of Algae (Sammlung
von Algenkulturen) at Gottingen University (Germany).
According to this algal bank, Csol was isolated from the lichen
Solorina saccata found in Grofler St Bernhard, Switzerland
(45°57°4” N, 7°12°32” W). Both microalgae were cultured under
axenic conditions on small nylon squares (4 cm?) in semisolid
supplemented Bold 3N medium (Bold and Parker, 1962), inside
a growth chamber at 15 °C under a 14-h/10-h light/dark cycle
(light conditions: 25 pmol m™2 s7").
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D/R treatment

Nylon squares containing 3-week-old cultures of Csol and
TRY (~180-200 and 200-300 mg FW, respectively) were re-
moved from the culture medium and placed in a climatic
chamber (K110; Pol-eko-Aparatura, Poland) for the four D/R
cycles. The desiccation conditions, established as optimal for
each microalga in previous experiments (Hell et al., 2019),
were 25-30 % RH for TR9 and 55 % RH for Csol cultures
at 25 °C for 8 h. Afterwards, the cultures were transferred to
Petri dishes with a semisolid medium, composed of 1.5 % agar
in distilled water, at 100 % RH and 20 °C for 16 h. At the in-
dicated times, samples were collected from the desiccation or
rehydration treatment and weighed prior to subsequent micro-
scopic analyses or CW extraction. Fully hydrated cells prior to
D/R cycles were considered the control condition.

Structural analyses

For transmission electron microscopy (TEM) analysis, TR9
and Csol samples before and after four D/R cycles (in desiccated
and rehydrated state) were high-pressure-frozen and freeze-
substituted (Aichinger and Liitz-Meindl, 2005) with modifica-
tions. Samples were frozen in a Leica EM PACT?2 high-pressure
freezer and freeze-substituted with 1.5 % osmium tetroxide in
acetone for 54 h at =90 °C then4 h at -30 °Cand 2 h at4 °C in
a Leica AFS2 freeze-substitution apparatus. After three washes
with anhydrous acetone, samples were embedded in Epon 812
resin at room temperature and polymerized for 48 h at 60 °C.
Seventy-nanometre sections were obtained in a Leica EM UC6
ultramicrotome and mounted on 200 mesh nickel grids, post-
stained with 2 % (w/v) aqueous uranyl acetate and 2 % lead
citrate and observed with a JEOL JEM 1011 (100 kV) elec-
tron microscope equipped with a Gatan Erlangshen ES1000W
digital camera.

For low-temperature scanning electron microscopy (LTSEM),
microalgae were observed by high-resolution field emission gun
scanning electron microscopy (FEG-SEM) at low temperature
before and after one cycle of D/R (in desiccated and rehy-
drated state). An AQUILO cryo preparation chamber (PP3010T,
Quorum Technology) was connected to the FEG-SEM. Small
samples of algal cultures were mounted using a mixture of 50 %
Tissue Tek/50 % colloidal graphite and rapidly frozen under
vacuum conditions. The cryo preparation chamber was main-
tained under high vacuum and cooled during fracturing, sublim-
ation of surface ice and metal and carbon coating. Then, samples
were transferred to a cold stage in the SEM chamber for FEG-
ESEM analysis under cryogenic conditions.

Environmental scanning electron microscopy (ESEM)
can be used to record secondary images under conditions of
water vapour pressure and temperature up to water saturation
(RH = 100 %). Algal samples were mounted on the stainless-
steel stub with double-sided carbon adhesive and left to equili-
brate at 5 °C for 15 min and then subjected to eight controlled
vapour-pressure purges (from 99-100 % to 10 % and then from
10 % to 100 % RH), allowing the samples to equilibrate for sev-
eral minutes at each RH level. Images were taken at each RH
level. Samples of Csol were observed using a FEI Quanta 400
instrument under conditions of 15 kV acceleration potential
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and at a working distance of 5-10 nm. Samples of TR9 were
visualized by means of field-emission gun high resolution
ESEM (FEG-ESEM), using a QuemScan650F model (FEI,
Netherlands) in environmental mode (10—4000 Pa). For this
purpose, the GESED detector and 5-10 kV acceleration poten-
tial was applied.

The presence/absence of algaenans in the CW of both algal
species was assessed by light microscopy (Eclipse Ci-L; Nikon)
after crystal violet staining according to Zych et al. (2009).

Extraction and fractionation of CW components

After extraction of the extracellular polymeric substances at-
tached to the external surface of the CW (Casano et al., 2015),
Csol and TR9 microalgae (1-5 g FW) were subjected to four
cycles in a French press (1350 psi), which disrupted 95 % of
the control cells in both algae. However, in cells exposed to D/R
conditions, disruption was slightly less efficient since we ob-
served a higher proportion of unbroken cells (~10-15 %). Cell
walls were pelleted (10 000 g, 15 min at 4 °C) and washed with
30 mL of 100 mm NaCl and twice with ultrapure water. Cell
debris was removed by successive washes with organic solv-
ents: three times with 93 % ethanol (20 mL g~' FW), once at
room temperature overnight, once under the same conditions
for 2 h and once at 80 °C with gentle stirring for 2 h; twice
with chloroform:methanol 1:1 (v/v) (20 mL g-! FW) with stir-
ring for 1 h; and twice with pure acetone at room temperature
for 8 h each time. Cell walls were filtered through glass-fibre
filters (Merck Millipore), dried in an oven at 60 °C for 2 d and
weighed.

Cell walls of TR9 and Csol were fractionated by succes-
sive extraction with ultrapure hot water (HW) and 10 % KOH
(KOH) (Cordeiro et al., 2005). Briefly, 120 mg of CW was sus-
pended in 9 mL of ultrapure water and stirred at 100 °C for 4 h
and then centrifuged (14 500 g, 5 min). This procedure was
performed twice and the supernatants were combined, dialysed,
freeze-dried and considered as the HW-soluble fraction. The
insoluble material was suspended in 9 mL of 10 % KOH and
maintained at room temperature overnight with gentle agita-
tion. After centrifugation (14 500 g, 5 min), the insoluble ma-
terial was re-extracted by stirring with 10 % KOH at 100 °C for
4 h. Combined KOH supernatants were neutralized with acetic
acid and precipitated with 3 volumes of 93 % ethanol at 4 °C
overnight. After centrifugation (21 000 g, 5 min) and washing
with 93 % ethanol, the precipitate was dried, re-solubilized in
ultrapure water and considered as the KOH-soluble fraction.
Total neutral sugars were determined by the phenol-H,SO,
method (Dubois et al., 1956) using glucose as standard.

Gel-permeation chromatography

Aliquots of HW- and KOH-soluble fractions (~2 mg of neu-
tral sugars) were added to a 70.0 x 1.6 cm (ID) Sepharose
4B column C (General Electric Healthcare) equilibrated with
150 mMm phosphate—citrate buffer (pH 5.2) and eluted with the
same buffer. The amount of neutral carbohydrates in each 2-mL
fraction was determined as described above. Dextrans of 9.3,
76, 156 and 2000 kDa (Sigma-Aldrich, St Louis, MO, USA)
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were used as standards for column calibration. Based on the
carbohydrate amounts recovered from the column, the most
prominent peaks were selected. In cases of CW fractions with
polydisperse profiles, we selected the fractions with the highest
mass. Therefore, ten eluted peaks from HW- and KOH-soluble
fractions from control and D/R TR9 and Csol algae were dia-
lysed (cut-off 2000 kDa) against bi-distilled water and lyoph-
ilized to perform glycosyl composition and glycosyl linkage
analyses.

Glycosyl composition analysis

Glycosyl composition of selected fractions was analysed
by combined gas chromatography—mass spectrometry (GC—
MS) of the per-O-trimethylsilyl derivatives of the monosac-
charide methyl glycosides produced from the samples by acidic
methanolysis as described previously by Santander et al. (2013).
Briefly, ~100—-400 pg of the sample was heated with 1 m HCl in
MetOH at 80 °C for 17 h. Then, a re-N-acetylation was carried
out with a mixture of MetOH, pyridine and acetic anhydride
for 30 min. The solvents were evaporated and the samples were
derivatized with Tri-Sil® (Pierce) at 80 °C for 30 min. The GC—
MS analysis of the per-O-trimethylsilyl methyl glycosides was
performed using an Agilent 7890A GC interfaced to a 5975C
MSD, equipped with a Supelco Equity-1 fused silica capillary
column (30 m x 0.25 mm ID).

Glycosyl linkage analysis

Six of the ten samples contained sufficient sample mass
(~1 mg) to perform a glycosyl linkage analysis. These sam-
ples were permethylated and reduced twice and acetylated, and
the resulting partially methylated alditol acetates were ana-
lysed by GC-MS according to Heiss ez al. (2009) with a slight
modification. Briefly, the samples were suspended in dimethyl
sulphoxide and stirred for 1 d and then permethylated using
potassium dimsyl anion and iodomethane, and, in the case of
uronic acids, reduced with lithium borodeuteride. After sample
clean-up, permethylated material was subjected to two rounds
of treatment with sodium hydroxide (15 min) and methyl
iodide (45 min). The permethylated material was hydrolysed
using 2 M trifluoroacetic acid (2 h at 121 °C), reduced with
sodium borodeuteride and acetylated using acetic anhydride/
trifluoroacetic acid. The resulting partially methylated alditol
acetates were analysed using an Agilent 7890A GC interfaced
to a 5975C Mass Selective Detector in electron impact ion-
ization mode; separation was performed in a 30-m Supelco
SP-2331 bonded-phase fused silica capillary column.

RESULTS AND DISCUSSION

Structural changes during D/R in lichen microalgae

Compelling evidence has been reported in recent years of a
positive causal relationship between the response of plants and
algae to water deficit and the biophysical properties of their
CWs (Moore et al., 2008a,b; Shtein et al., 2018). The first step
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of our investigation was to analyse the ultrastructural modifi-
cations occurring during desiccation and rehydration of fully
hydrated TR9 and Csol cells.

Desiccation/rehydration-induced structural alterations in
TR9 and Csol, especially in their CW and plasma membrane,
were visualized by TEM, LTSEM and ESEM (Figs 1-5). The
TEM and LTSEM images of TRO, taken after four and one
D/R cycle(s) respectively, showed that desiccation caused pro-
gressive cell shrinkage and CW deformation, which could be
rapidly reversed when water availability increased (Fig. 1A-F
and Supplementary Data Fig. S1). These changes were also ob-
served in Csol (Fig. 2A-F), even though this latter microalga
seemed to recover to a slightly lesser extent upon rehydration
compared with TR9 since several cells did not completely ex-
pand. This difference in degree of recovery after desiccation
linked to CW features was also found when employing ESEM,
which permits rapid changes in the RH to which cells are ex-
posed during microscope observation (Fig. 3). Under these con-
ditions, TRO tolerated an RH as low as 10 % and recovered
after desiccation for up to five relatively rapid D/R cycles (en-
tire cycle 20-25 min) (Fig. 3, upper panels). In contrast, Csol
did not tolerate such drastic desiccation conditions, requiring
a higher RH (60-65 %) during desiccation in order to recover
upon rehydration (Fig. 3, lower panels). These findings sug-
gest that TR is better adapted to rapid changes in water status,
whereas Csol seems to need slower desiccation, probably in
order to activate certain tolerance features. Irrespective of this,
when desiccation was conducted at RH or speed similar to
that encountered in their respective habitats, TR9 (Fig. 4 and
Supplementary Data Fig. S2) and Csol (Fig. 5) plasma mem-
branes remained in close contact with the deformed CW.

Crystal violet staining revealed a profound difference in
CW permeability between TR9 and Csol, as only 21 % of Csol
cells allowed dye entry whereas almost all TR9 cells became
stained (Supplementary Data Fig. S3). Since algaenan hinders
the penetration of large molecules of crystal violet (Zych et al.,
2009), our result indicates the absence of this biopolymer in
the TR9 CW and its presence in Csol. These findings support
those reported by Honegger (2012) regarding the presence of
algaenan in Coccomyxa microalgae. However, the presence of
algaenan in the algal CW of Trebouxia species remains contro-
versial. Konig and Peveling (1984) have reported its presence
in several Trebouxia species, but Honegger and Brunner (1981)
did not find any acetolysis-resistant material, a characteristic of
algaenan, in almost the same algal species. Our results clearly
indicate that the CW of Trebouxia sp. TR species did not con-
tain this highly resistant polymer and they therefore support the
notion that the presence of algaenans is associated with typ-
ical trilaminar CWs, such as those of Coccomyxa species. In
addition, we observed that the presence/absence of algaenan in
Csol and TR9 was not modified by exposure to cyclic D/R (data
not shown).

The diffuse trilaminar organization of the TR9 CW ob-
served before D/R was preserved during desiccation (Fig. 4
A, B, D, E). However, after rehydration the inner and outer-
most layers (L1 and L3, respectively) became thinner while
the intermediate layer (L2) became slightly thicker, so that
the entire CW appeared to have a relatively more defined tri-
laminar structure, although total CW thickness did not change
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Control Desiccation Rehydration

F1G. 1. TEM and LTSEM micrographs of Trebouxia sp. TR9 exposed to cyclic D/R. For TEM, TRO cells were exposed to no D/R cycles (control, A) or four D/R

cycles (desiccation, B; rehydration, C). For LTSEM, TRO cells were exposed to no D/R cycles (control, D) or a single D/R cycle (desiccation, E; rehydration, F).

Thick arrows indicate the CW and thin arrows mark plasmalemma invaginations. The asterisk in (B) indicates a gap between the Epon 812 resin and the CW, prob-
ably due to reduced adherence of the collapsed regions to the resin. Abbreviations in (A): ch, chloroplast; m, mitochondrion; py, pyrenoid; s, starch.

Control Desiccation Rehydration

FiG. 2. TEM and LTSEM micrographs of Coccomyxa simplex exposed to cyclic D/R. For TEM, Csol cells were exposed to no D/R cycles (control, A) or four

D/R cycles (desiccation, B; rehydration, C). For LTSEM, Csol cells were exposed no D/R cycles (control, D) or a single D/R cycle (desiccation, E; rehydration,

F). Thick arrows indicate the CW. The asterisk in (B) indicates a gap between the Epon 812 resin and the CW, probably due to reduced adherence of the collapsed
regions to the resin. Abbreviations in (A): ch, chloroplast; g, Golgi apparatus; m, mitochondrion; n, nucleus; s, starch.

Control Desiccation Rehydration

RH/Time ~100%/0 min ~55%/5-10 min  ~10%/10-15 min
= =2 o= = " 8 =

SR

~100%/20-25 min
s

p /
. 20Tm C L

~100%/0 min ~60%/10—-15 min

Csol

Fi1G. 3. ESEM micrographs of TR9 and Csol during a D/R cycle. Algal samples were left to equilibrate at 5 °C for 15 min and then subjected to eight controlled

vapour pressure purges (from 99-100 % up to 10 % and then from 10 % to 100 % RH), allowing the samples to equilibrate for several minutes at each RH level.

Images in the figure depict the key stages, timing and RH conditions during a D/R cycle, including the lowest RH below which Csol did not normally rehydrate,
under ESEM conditions.
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Rehydration
R XX

F1G. 4. TEM micrographs of TR sections with CW details during a D/R cycle. Rectangles in panels (A—C) indicate the areas shown at greater magnification in
panels (D-F), respectively. The asterisk in (E) indicates a gap between the Epon 812 resin and the CW, probably due to reduced adherence of the collapsed regions
to the resin. L1, L2 and L3 indicate the diffuse three-layer structure of the CW. FL, fibrillar layer; PM, plasma membrane; MCW, mother cell wall.

Control

Desiccation

Rehydration

FiG. 5. TEM micrographs of Csol sections with CW details during a D/R cycle. Rectangles in panels (A-C) indicate the areas shown at higher magnification in
panels (D-F), respectively. The asterisk in (B) and (E) indicates a gap between the Epon 812 resin and the CW, probably due to reduced adherence of the collapsed
regions to the resin. L1, L2 and L3 indicate the typical three-laminar organization of the CW. FL, fibrillar layer; PM, plasma membrane.

significantly during D/R (Fig. 4 C, F and Supplementary Data
Fig. S4). In contrast, the CW thickness of Csol decreased sig-
nificantly during desiccation and recovered upon rehydration,
but no apparent changes in its well-defined trilaminar structure
were observed under D/R (Fig. 5 and Supplementary Data Fig.
S4). In desiccation-tolerant moss protonemata, dehydration in-
duces marked cytological alterations, including CW folding
and changes in thickness (Pressel and Duckett, 2010).

Early studies on drying seeds by Webb and Arnott (1982)
revealed that the ‘controlled collapse’ of the CW was neces-
sary to maintain structural organization and cell viability in
the desiccated state. Importantly, they found that CW deform-
ation occurred in a species-specific manner and was related to
the biochemical composition of the CW. This notion has now
been extended to other desiccation-tolerant organisms (Shtein

et al., 2018), such as resurrection plants, in which the presence
of plasticizing polysaccharides such as arabinans confers high
flexibility on their CWs (Moore et al., 2008a).

Cell wall biochemistry

Cell wall polysaccharides are constantly remodelled by several
enzymes to adjust CW mechanical properties to changes in internal
and external environmental conditions (Simmons et al., 2015 and
references therein). The ultrastructural adjustments observed in
TR9 and Csol CWs during D/R strongly suggest that at least some
of the main CW components were subjected to biochemical re-
modelling. Therefore, we conducted a comparative analysis of the
polysaccharides in CW fractions from the two microalgae.
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Fractionation of the CW yielded a significantly higher pro-
portion of alkali-soluble (KOH) than hot-water-soluble (HW)
polysaccharides in both TR9 and Csol under control conditions
(TO). However, the KOH fraction in TR9 was 3.3 times higher
than the HW one, whereas in Csol the latter was only 1.4 times
higher than the former (Table 1). Exposure to four D/R cycles
increased the proportion of HW polysaccharides in TR9, which
contrasted with the reduction of both fractions in Csol.

The gel permeation profile of sugar-containing polymers
in the HW fraction showed a main sharp peak of ~75 kDa
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in TR (Fig. 6A, peak 1) under control conditions (Table 1).
After D/R cycles, we observed a marked shift in polymer dis-
tribution towards molecules of higher (to a greater extent)
and lower molecular mass than 75 kDa (Fig. 6 A, Table 1).
Previous glycosyl composition and linkage analyses of the
crude CW of (control) TR9 algae indicated the predominance
of a 3-linked galactofuranan substituted at the 6 position by
rhamnosyl residues (Casano et al., 2015). In this study, the
polysaccharide(s) corresponding to peak 1 obtained by gel
filtration chromatography of HW polymers showed galactose,

TABLE 1. Effects of cyclic D/R on yield, molecular mass and glycosyl composition of cell wall polysaccharides of TR9 and Csol
phycobionts. Cell walls were isolated before (T0) and after four D/R cycles, and fractionated sequentially with hot water (HW) and al-
kali (KOH). Each fraction was submitted to gel filtration chromatography on a Sepharose 4B column. Glycosyl composition analysis of
selected fractions was performed by combined GC-MS of the per-O-trimethylsilyl derivatives of the monosaccharide methyl glycosides

(Santander et al., 2013)

Species Treatment  Fraction Fraction yield Selected Average Monosaccharides (mol %)
(% of CW mass) peak molecular mass (kDa)
Ara Rha Fuc Xyl Man Gal Gle
TR9 TO HW 10.6 1 75 34 10.1 - 4.1 32 55.0 243
KOH 35.6 3 174 1.3 23.6 - 39.5 0.6 30.7 4.4
D/R HW 14.6 2 103 - 325 - 8.0 - 59.5 -
KOH 342 4 19 43 10.9 - 49.6 3.6 29.6 1.9
Csol TO HW 135 5 47 3.7 18.6 18.6 30.5 17.0 8.0
KOH 18.6 6a 174 - - - - - 45 95.5
6b 61 - 4.5 4.7 8.3 - 6.4 76.1
6¢ 5.2 1.2 1.5 7.3 7.8 9.1 8.1 65.2
D/R HW 5.5 -
KOH 10.1 Ta 103 - - - - 20.5 154 64.1
7b 3.7 - - - - - - 100
Trebouxia sp. TR9 Coccomyxa simplex
A Hot water soluble-fraction B Hot water soluble-fraction
1
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FiG. 6. Effects of four D/R cycles on the molecular mass profile of polysaccharides present in CW fractions of TR9 and Csol microalgae. Sepharose 4B chroma-
tography of polysaccharides from each CW fraction was performed at least three times with at least two different CW preparations from independent TR9 and
Csol cultures, under both control and D/R conditions. The chromatographic profile of each polysaccharide fraction did not differ by more than 5 % (in molecular
mass) among replicates and with respect to those depicted in the figure. TO corresponds to cell wall fractions before submitting to D/R cycles. The asterisks indicate

fractions selected for glycosyl composition and glycosyl linkage analyses.
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TABLE 2. Glycosyl linkage analysis of CW polysaccharides of TR9 and Csol microalgae before and after cyclic D/R. Peak fractions of gel

permeation chromatography were dialysed, freeze-concentrated, permethylated, depolymerized, reduced and acetylated. The resulting

partially methylated alditol acetates were analysed by GC-MS as described by York et al. (1985). Peaks 2 and 5 corresponded to hot-
water-soluble polysaccharides and peaks 4, 6 and 7 to KOH-soluble ones (for details see Table 1)

Linkage Trebouxia sp. TR9 Coccomyxa simplex
Peak 2 Peak 4 Peak 5 Peak 6a Peak 6b Peak 6¢ Peak 7a Peak 7b
(mol %)

t-Araf - 0.8 - - - - - -
-Xylp 5.7 3.0 35 2.1 1.1 - - —
2-Rhap 10.9 1.2 7.9 3.1 0.7 - - -
-Rhap - - 1.3 0.3 - - - -
2-Manp - - 3.7 1.5 1.1 - 0.8 -
3-Rhap - 1.3 13.8 6.6 2.0 - - -
t-Manp - - 0.4 0.1 1.3 - - -
3-Manp - - bql bql bql - 2.9 -
-Glep 6.1 0.5 - 43 7.1 16.9 48.1 91.2
t-Fucp - - 4.0 - 0.1 - - -
3-Fucp - - - 0.3 1.9 - 3.8 -
t-Galf - 10.4 - 0.6 - - - -
4-Fucp - - - 0.5 - - - -
3,4-Fucp - - 5.6 6.7 35 - - -
t-Galp - 1.2 2.0 1.1 4.9 - - -
3-Arap - - 43 2.7 - - - -
3-Arap or 4-Araf - - - - 1.6 - - -
t-Arap - - 0.9 0.9 0.2 - - -
3-Xylp - - 2.0 2.0 0.9 - - -
4-Xylp - 1.2 4.4 5.8 3.1 11.0 - -
2-Rhap - - 7.9 - - - - -
3,4-Rhap - - 1.5 0.4 - - - -
2,3-Rhap 14.7 1.1 6.0 4.2 0.5 - - -
2-Glep - - 2.4 - - - - -
3-Glep - - - 0.3 0.4 - - -
3-Glef - - 2.1 1.8 - - - -
4-Rhap - - - - - - - -
4-Manp - 5.9 - 0.9 2.5 8.7 8.4 -
3-Galf 532 - - 0.8 - - - -
3-Hex/* - 21.5 - - - - - -
4-Galp 1.5 313 1.4 0.5 1.5 - 2.0 -
4-Glep 5.3 1.4 32 26.0 42.0 57.4 27.1 8.8
6-Galf 2.7 - - - - - - -
6-Glcp - - - - 0.5 - - -
6-Galp - - 7.1 32 3.8 - 6.9 -
6-Manp - - 0.1 - 0.3 - - -
6-Hexf* - 2.8 - - - - - -
3-Galp - - 0.8 - 3.0 59 - -
2,3-Glep - 2.1 - - - - - -
2,4-Glcp - - - 0.5 14 - - -
2,3-Manp - - 1.0 1.0 0.5 - - -
2,4-Manp - - 9.4 42 2.5 - - -
2,6-Manp - 0.3 0.1 - - - - -
3,4-Manp - - 0.7 0.5 - - - -
3,6-Manp - - - - 0.6 - - -
2,3,6-Manp - - 0.1 0.1 bql - - -
2,4,6-Manp - - 0.4 0.3 0.5 - - -
3,4,6-Manp - - 7.5 1.0 4.8 - - -
3,4-Galp - 1.0 - - - — - -
3,6-Galp - 14 1.6 0.2 0.6 - - -
3,6-Hexf* - 2.2 - - - - - -
4,6-Galp - 9.0 0.3 - - - - -
3,4-Glep - - - 5.0 4.0 - - -
4,6-Glcp - - 0.3 5.1 4.0 - - -
2,3,4-Glep - - - 0.6 06 - - -
3,4,6-Galp - 0.5 - - - - - -
3,4,6-Glcp - - - 1.0 0.6 - - -

*Probably galactofuranosyl residues; — not detected; bql, below the quantification level.
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glucose and rhamnose as the main monosaccharides (Table
1). Although the amount of carbohydrate recovered from
peak 1 was insufficient to perform a glycosyl linkage ana-
lysis, its high galactose and rhamnose content resembled that
of 3-linked galactofuranan. This is in line with the observa-
tion that the polydispersion caused by exposure to D/R cycles
generated a peak of high molecular mass (peak 2, Fig. 6 A)
predominantly formed by 2,3-linked galactofuranosyl and
2,3-linked rhamnopyranosyl residues (Table 2).

Under control conditions, the KOH fraction of TR9 showed
polymers ranging from 146 to 47 kDa with a main peak at
103 kDa (Fig. 6 C, Table 1). Exposure to cyclic D/R did not
seem to significantly alter the molecular mass pattern of the
total polymers in TR, except for the appearance of a low
molecular mass peak (peak 4, Fig. 6 C, Table 1). A glycosyl
composition analysis of peak 3 (control TR9) revealed a high
content of xylose besides galactose and rhamnose (Table 1).
Peak 4 showed an increased proportion of xylose and a lower
content of rhamnose compared with KOH, under control con-
ditions (Table 1). A methylation analysis showed that peak 4
consisted of a 4-linked galactopyranan substituted at O-6, O-3
and O-3,6 positions, a 3-linked galactofuranan and 4-linked
xylopyranosyl molecules (Table 2).

A quite different scenario was found in HW and KOH poly-
saccharides from the Csol CW. Under control conditions, poly-
saccharide polydispersion was observed in both fractions, with a
prevalence of medium to lower molecular mass polymers in the
HW fraction, ranging from 103 to 4.3 kDa (Fig. 6 B), and a broader
dispersion in the KOH fraction (Fig. 6 D). No marked qualitative
changes in the molecular mass pattern of HW sugar-containing
polymers was found as a consequence of cyclic D/R, but we did
observe a generalized decrease in their abundance (Fig. 6 B), which
is consistent with the reduced yield of the HW fraction (Table 1).

According to Centeno et al. (2016), glucose, mannose, gal-
actose and rhamnose are the predominant neutral sugars pre-
sent in the crude CW of Csol, although arabinose, xylose and
fucose are also present. Glycosyl linkage analysis indicated
the presence of a non-branched glucan with the main chain
composed of 4-linked glucopyranosyl residues and a 4-linked
mannan poorly substituted at the O-2 or O-3 position, prob-
ably by galactosyl or mannosyl residues. In the present study,
HW peak 5 was mainly composed of xylose and almost equal
proportions of rhamnose, fucose and mannose (Table 1). The
glycosyl linkage analysis suggested the presence of linear
xylans, as indicated by the presence of 3- and 4-Xylp res-
idues and two mannans: a 2-linked polymer highly substi-
tuted mainly at position 4 and a 3-linked one highly branched
at the 4- and 6-positions in this peak (Table 2). Within the
KOH-soluble polymers of control Csol, peak 6a presented a
high proportion of glucose followed by a lower amount of gal-
actose (Table 1), which seemed to compose a 4-linked glucan
branched at O-3 and O-6 positions. The existence of 4-Galp
and 3-Galf residues indicated the presence of galactans as
minor components of this peak (Table 2). Peak 6b appeared
to contain a 4-linked glucan similar to that found in peak 6a
but less branched (one substitution at every ten Glcp residues,
instead of every five residues) (Table 2). A linear 4-linked
glucan was the main component of peak 6c¢, but 4-linked
xylan and mannan and a 3-linked galactan were also found in
lower amounts.
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In contrast to what was observed in the HW fraction, exposure
to cyclic D/R significantly altered the molecular size pattern of
KOH polymers in the Csol CW, changing from a polydisperse
distribution under control conditions to some sharp peaks
from 103 to 3.7 kDa (peaks 7a and 7b, respectively, Fig. 6 D,
Table 1) after D/R. Glucose was the main component of peak
7a, which seemed to be represented by a polymer of 4-linked
Glcp. Polysaccharides formed by 4-Manp and 6-Galp were also
found in peak 7a (Table 2). Meanwhile, peak 7b was almost
exclusively formed by a glucan, in which the high proportion
of t-Glcp residues suggested the presence of amylose-like poly-
saccharide (Tables 1 and 2). Amylose has been reported as a
polymer that adheres to CWs during polysaccharide extraction
from lichen phycobionts (Cordeiro et al., 2008).

Results from the present study confirm our previous findings
with crude CWs of the same microalgae under control condi-
tions (Casano et al., 2015; Centeno et al., 2016) and extend them
towards a more detailed analysis of CW components and how
these are modified in response to cyclic D/R. Farrant et al. (2017)
recently reported that the flexibility of Craterostigma wilmsii
CWs seems to be modulated during desiccation. The propor-
tion of glucose decreases and that of galactose increases as sub-
stituent in xyloglycans. These polysaccharides also change their
degree of polymerization, moving from large to shorter chains
and thus increasing CW flexibility under desiccation conditions
(Farrant et al., 2017). In our study, an analogous remodelling was
observed due to changes in the alkaline-soluble polysaccharides
extracted during the relatively slow and mild desiccation of Csol.
In contrast, more marked changes were observed in the TR9
water-soluble fraction during fast and drastic desiccation, as the
main medium molecular mass polysaccharide found in control
cells changed to a complex mixture of different-sized polysac-
charides. After D/R cycles, the degree of polymerization of Csol
B-glucans decreased. Biochemical remodelling of the CW ap-
pears to play a crucial role in controlling its biomechanical prop-
erties, helping lichen microalgae to cope with rapid changes in the
cell’s hydric status. This study also supports the notion that CW
remodelling is an active and species-specific process, induced by
exposure to desiccation conditions similar to those encountered
in the natural habitats in which each alga/lichen thrives.
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