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Abstract. An interesting biota of lichen-forming fungi occurs along rocky seashores of cold 
and warm-temperate regions in both hemispheres. Most of the species belong to the family 
Verrucariaceae and form symbioses with an extraordinarily diverse group of photobionts. 
We isolated the photobionts of three species: Hydropunctaria maura and H. amphibia from 
the supralittoral zone, and Wahlenbergiella striatula from the upper intertidal zone. We 
characterized the isolated strains structurally by means of transmission electron microscopy, 
and molecularly using the nrSSU and nrITS and chloroplast RPL10A regions. Addition-
ally, we studied the response of the strains to different salt concentrations, analyzed the 
concentration of osmoregulatory solutes, and measured photosynthesis performance by 
chlorophyll fluorescence and CO2 assimilation techniques. All strains belong to the recently 
described species Halofilum ramosum, although we found differences in the ITS and RPL10A 
regions among the strains shared by H. maura and H. amphibia and the strain isolated 
from W. striatula. Differences were also found in the main osmoregulatory response of the 
strains growing under high salt concentrations: W. striatula accumulated glycerol, while 
H. maura and H. amphibia synthetized sucrose. Analyses of photosynthesis performance 
also indicated differences in physiological behavior between supralittoral-dwelling and 
intertidal-dwelling species, W. striatula showing lower photosynthetic activity under high 
irradiance. Our results highlight the role of photobionts in determining lichen zonation on 
rocky seashores.

Key words: Halofilum, Hydropunctaria, lichen-forming fungi, seashore, Verrucariaceae, 
Wahlenbergiella.

Introduction

Lichens, the symbiotic phenotype of a lichen-forming 
fungus (the mycobiont) and a eukaryotic alga and/or 
cyanobacterium (the photobiont), occur in most terres-
trial habitats and cover ~ 8% of the land surface (Nash 
2008). Lichens are able to thrive in the most extreme 
environments such as the hot and cold deserts of continen-
tal Antarctica, Chile (Atacama) and southwestern Africa 
(Namibia) (Green et al. 2012; Maphangwa et al. 2012). 
Rocky seashores are among the most extreme habitats, 
since organisms have to cope with highly influential abi-
otic factors such as fluctuating sun exposure, wave and 
wind action, daily cycles of desiccation and hydration, 

contrasting temperature, and salinity levels (Knox 2000). 
Some lichens have adapted to live not only close to seawa-
ter but actually within the intertidal zone (Santesson 1939; 
Fletcher 1980; Taylor 1982; Brodo & Santesson 1997). On 
rocky seashores, species of lichen-forming fungi typically 
occur in more or less narrow bands which correspond 
to different intertidal zone immersion times or different 
levels of exposure to saline particles suspended in the 
air (spray) in the supralittoral zone (Fletcher 1973a, b). 
Furthermore, the species Verrucaria serpuloides from 
the Southern Hemisphere is known to grow permanently 
submerged (Lamb 1973). 

The lichen biota occurring in the intertidal and 
supralittoral zones of temperate and cold oceans in both 
hemispheres is disharmonic as compared to the typical 
composition of lichen assemblages on rocks not affected 
by saltwater. Three lineages clearly dominate: (i) mem-
bers of the order Collemopsidiales (Mohr et al. 2004; 
Pérez-Ortega et al. 2016), (ii) species of the genus Lichina 
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(Ortiz-Álvarez et al. 2015; Schultz 2017), and (iii) species 
from the family Verrucariaceae (Santesson 1939; Fletcher 
1980; Taylor 1982; Brodo & Santesson 1997). Species of 
the recently described genus Wahlenbergiella occur in the 
intertidal zone of the Northern Hemisphere (Gueidan et al. 
2009), whereas species of Hydropunctaria mostly occur in 
the supralittoral zone (Gueidan et al. 2009; Orange 2012). 

Only a limited number of studies have attempted to 
elucidate the factors influencing the distribution of lichens 
on rocky seashores. Ortiz-Álvarez et al. (2015) showed 
that a particular strain of the cyanobacterial photobiont 
Rivularia was important in determining the distribution of 
two species of Lichina on rocky seashores of the Atlantic 
coast of Europe, suggesting that a photobiont switch was 
associated with speciation in this fungal lineage. Thus, 
physiological requirements of lichen photobionts could 
drive the distribution of mycobiont species at the seashore. 

Marine species in the family Verrucariaceae show the 
most extraordinary range of compatible photobionts (Thüs 
et al. 2011), including associations with Xanthophyceae 
(Parra & Redon 1977; Thüs & Schultz 2008), Phaeophy-
ceae (Moe 1997; Sanders et al. 2004), Trebouxiophyceae 
(Pérez-Ortega et al. 2010; Garrido-Benavent et al. 2017) 
and Ulvophyceae (Thüs et al. 2011; Darienko & Pröschold 
2017; Pérez-Ortega et al. 2018). In contrast, there are no 
recorded associations between marine species and algal 
genera such as Trebouxia, Asterochloris or Trentepohlia, 
the most common taxa found in species from the order 
Lecanorales. Recent taxonomic work on the Ulvophyceae 
(Darienko & Pröschold 2017) has shown that filamentous 
photobionts previously ascribed to the genus Dilabifilum 
(e.g., Thüs et al. 2011) that were isolated from marine 
Verrucariaceae actually belong to the newly described 
lineage Halofilum and the genus Pseudendoclonium. 

On rocky seashores, salinity is the main factor influ-
encing lichen zonation (Delmail et al. 2013). At low 
shore levels, lichens are exposed to almost constant 
immersion in seawater, whereas at higher shore levels 
they are subjected to a changing osmotic environment 
that is hyperosmotic when wetted by surf and hypoos-
motic during rainfall. The lower and upper shore limits 
of algae may depend largely on the adaptation of the 
species to preferred salinity levels and on tolerance to 
osmotic fluctuations. Furthermore, the presence of brack-
ish water from the mixing of seawater with freshwater, 
as in river estuaries or tidewater glaciers, usually restricts 
the occurrence of most marine lichens. Microorganisms 
have developed several strategies to regulate their internal 
osmotic pressure to adjust to high or low external solute 
concentrations in order to avoid water loss and subse-
quently cell plasmolysis. One osmoadaptation strategy 
entails reliance on the efflux of inorganic ions from/to the 
surrounding environment (Pick 2002; Oren et al. 2008). 
The second strategy involves synthesis of low-molecu-
lar-weight organic compatible solutes to balance the exter-
nal osmotic pressure. It has been observed that microalgae 
tend to accumulate three different kinds of osmoregulatory 
solutes, depending on their tolerance to salinity (Batterton 
& Baalen 1971; Stacey et al 1977; Ben-Amotz & Avron 
1981; Ben-Amotz & Grunwald 1981; Joset et al. 1996; 

Page-Sharp et al. 1999): (i) low-halotolerant algae (less 
than 0.7 M NaCl) accumulate sugars such as sucrose 
or trehalose; (ii) medium-halotolerant algae (0.7–1.8 M 
NaCl) accumulate polyols like glucosylglycerol or man-
nitol; and (iii) high halotolerant alga (more than 1.8 M 
NaCl) accumulate amino acid compounds such as glycine, 
betaine or glutamate and glycerol. 

The aim of this study was to determine the possi-
ble relation between the intertidal zonation of marine 
Verrucariaceae species, the halotolerance of their algal 
partners, and the physiological response to salt concentra-
tion. Photobionts of two species characteristically occur-
ring in the supralittoral zone of the Iberian Peninsula’s 
Atlantic coast (Hydropunctaria maura and H. amphibia) 
and one species occurring in the middle and lower parts 
of the intertidal zone (Wahlenbergiella striatula) were 
isolated and cultured under laboratory conditions. They 
were characterized by means of molecular and electron 
microscopy techniques, and their responses to decreasing 
salinity levels (from seawater to rainwater) were moni-
tored using chlorophyll fluorescence, CO2 assimilation, 
and concentration of osmoregulatory solutes.

Material and methods

Lichens studied; isolation and culture of their algal 
symbionts 

Three species of marine Verrucariaceae typically occur-
ring on rocky seashores along the north coast of the 
Iberian Peninsula were selected for this study. Wahlen-
bergiella striatula is characterized by a film-like, light 
to dark green thallus furrowed by numerous black 
ridges and perithecia (Fig. 1B). It occurs in the middle 
to upper intertidal zone and is known from Europe, North 
America, Australia and New Zealand (Santesson 1936; 
Orange 2013). The two other species, Hydropunctaria 
amphibia and Hydropunctaria maura, typically occur 
in the supralittoral zone. Hydropunctaria amphibia, dis-
tinguished by its black, more or less thick thallus, with 
characteristic carbonized linear structures reaching the 
thallus surface (Fig. 1C), occurs in the lower supralittoral 
zone, whereas H. maura, with a relatively thick thallus 
and small spots of carbonized tissue reaching the thallus 
surface (Fig. 1D), occurs in the upper supralittoral zone, 
although both species typically can be found growing 
side by side (Renobales & Noya 1991). All specimens 
were collected from rocky seashore at Playa del Silencio 
(Novellana, Asturias, 43°33′59″N; 6°35′62″W) by SPO 
and AdR (16 May 2010). 

Isolation was done a few hours after sample collection. 
Small rock fragments including lichen thalli were rinsed 
in sterile water several times and surface-sterilized with 
alcohol. Afterwards, small fragments of the lichen thalli 
(~ 4 mm2) were removed with a scalpel blade, placed in 
a microcentrifuge tube with 200 ml of sterile water, then 
ground with a plastic micropestle. The mix was transferred 
to agar plates with artificial seawater medium (ASM) 
containing 30‰ (w/v) NaCl supplemented with vitamins 
(ASM30+V, modified from Starr & Zeikus 1993) and cul-
tivated under constant temperature (22℃) and irradiance 
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(PAR 84 mmol photons m–2 s–1) provided by a combina-
tion of Grolux and cool-white fluorescent lamps. Single 
colonies were sampled after 45 days and transferred to 
500 ml ASM30+V liquid medium. After 3 months, 100 ml 
aliquots were transferred to liquid growth media with 
contrasting salt (NaCl) concentrations: 30‰ (ASM30+V), 
15‰ (ASM15+V) and 0‰ (ASM0+V). Cultures were 
kept under the same growth conditions for 3 months until 
they were used for analyses.

DNA extraction and phylogenetic analysis

DNA extraction was carried out using a Soil DNA Isola-
tion Kit (MoBio Laboratories) according to the manufac-
turer’s instructions and eluted in a final volume of 50 μL 
of H2O. We amplified a fragment of the nrSSU region 
using the primer pair SR1 and SR7 (Nakayama et al. 
1996), the nrITS region using the primer pair nr-SSU-1780 

(Piercey-Normore and Depriest 2001) and ITS4 (White 
et al. 1990), and the hypervariable RPL10A region which 
encodes the RPL10 protein required for joining 40S and 
60S subunits into a functional 80S ribosome (del Campo 
et al. 2013), using the primer pair Rf-RLaF and Rf-L10aR 
(del Campo et al. 2013). PCR reactions for the nrSSU 
region were performed in a total volume of 25 μL con-
taining 3 μL of DNA template, 3 μL of 10× PCR buffer 
(Biotools), 6 μL of dNTPS, 0.9 μL of each primer, 0.9 μL 
of MgCl2, and 1.5 units of DNA polymerase (Biotools), 
adding distilled water to reach the final volume. PCR 
reactions for the nrITS and RPL10A regions were per-
formed in a total volume of 25 μL containing Illustra™ 
PuReTaq RTG PCR Beads (GE Healthcare), 3 μL of DNA 
template, 1.25 μL of each primer, and 19.5 μL of H2O. 
PCR amplifications were performed in a Biorad MJMini 
thermal cycler. The PCR conditions for the nrSSU region 

Figure 1. Habitus of isolated strains and lichens. A – Halofilum ramosum isolated from Wahlenbergiella striatula growing in artificial seawater 
medium containing 30‰ NaCl; B – Wahlenbergiella striatula; C – Hydropunctaria amphibia; D – Hydropunctaria maura. Scales: A = 10 µm; 
B = 1 mm; C = 5 mm; D = 1 mm.
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were as follows: initial 4 min heating phase at 95°C, 
followed by 35 cycles of 1 min at 94°C, 1 min at 55°C 
and 2 min at 72°C, and a final extension step of 10 min 
at 72°C. PCR conditions for the nrITS region were as 
follows: initial 2 min heating phase at 94°C, followed 
by 35 cycles of 30 secs at 94°C, 30 secs at 56°C and 
45 secs at 72°C, and a final extension step of 10 min 
at 72°C. The PCR conditions for the RPL10A region 
followed del Campo et al. (2013). The PCR products 
were purified using QIAquick PCR purification columns 
(Qiagen) according to the manufacturer’s instructions 
and sequenced by Macrogen Inc. (Madrid, Spain) using 
the same primer sets as for PCR amplification. Sequence 
contigs were assembled using SeqMan v.14 (Lasergene, 
DNA Star Inc., WI, USA). 

The sequences (nrSSU, nrITS) obtained in this study 
(Table 1) were aligned with members of Ulvales following 
the recent study by Darienko & Pröschold (2017). Align-
ments were carried out using MAFFT v.7.0 (Katoh et al. 
2009) as implemented in GeniousTM v.9.0.4 (Biomatters 
Ltd, New Zealand), using default parameters, and sub-
sequently inspected by eye. Gblocks 0.91b (Castresana 
2000) was used to remove ambiguously aligned regions 
and large gaps, using the least stringent parameters but 
allowing gaps in 50% of the sequences. Optimal nucle-
otide substitution models for the Bayesian analysis for 
each genomic region were established by means of jMod-
elTest v.2 (Darriba et al. 2012) using the Akaike infor-
mation criterion (nrITS: GTR+I+G; nrSSU: GTR+G). 
IQ-TREE (Nguyen et al. 2015; Kalyaanamoorthy et al. 
2017) through its online version W-IQ-TREE (Trifinopo-
ulos et al. 2016) implemented at http://iqtree.cibiv.univie.
ac.at, was used for the heuristic search of the maximum 
likelihood (ML) tree and simultaneous inference of the 
substitution model for each data partition and the opti-
mal partitioning scheme. Branch support was estimated 
with the ultrafast bootstrap algorithm (Minh et al. 2013). 
Bayesian inference of the phylogenetic relationships was 
carried out in MrBayes v.3.2 (Ronquist et al. 2012). Set-
tings included two parallel runs with four chains over 
10M generations, sampling every 1000th step. The first 
25% of saved data was discarded as burn-in. Convergence 
of chains was confirmed by the convergent diagnostic 
of the potential scale reduction factor (PSRF), which 
approached 1, and inspected visually in Tracer v. 1.6 
(http://tree.bio.ed.ac.uk/software/tracer/). Phylogenetic 
trees were visualized in FigTree v. 1.4.1 (http://tree.bio.
ed.ac.uk/software/figtree/), and Adobe Illustrator CS2® 
was used for artwork. Strongly supported nodes were 
defined as those with ultrafast bootstrap values ≥90% 
and Bayesian posterior probability ≥0.95, shown in bold 
in Figure 2.

Analysis of osmoregulatory solutes 

The concentrations of osmoregulatory solutes (glu-
cose, glycerol, mannitol, sucrose, trehalose) in the algal 
strains isolated from the three lichens and growing in 
the three salt concentrations were assessed by means of 
high performance liquid chromatography (HPLC). Nine 

samples of 1.4 ml were collected from cultures of each 
algal strain after one month growing in liquid media 
and centrifuged for 5 min at 10,000 g. Precipitated cells 
were frozen until use, when 50 mg of this frozen algal 
growth was resuspended in 1.5 ml of sterile distilled water 
and ground with a plastic micropestle. The mixture was 
subjected to ultrasonic baths for 3 min and later boiled 
for 5.5 min. Homogenates were centrifuged for 5 min 
at 10,000 g. Supernatants were decanted, filtered (nylon 
filter, 0.45 mm) and loaded (50 ml) on a cationic exchange 
column (Hamilton RCX-10, 4.6 mm × 25 cm) maintained 
at room temperature. A 0.2% sodium hydroxide solution 
was used as mobile phase (2 ml/min). Detection was per-
formed with a pulsed amperometric detector.

Ultrastructural characterization of algal strains 

Samples for study of algal strain ultrastructure were pre-
pared following de los Ríos & Ascaso (2002). In brief, 
algal cells were fixed in glutaraldehyde, postfixed in 
osmium tetroxide and then dehydrated in a graded series 
of ethanol before embedding in Spurr’s resin. Semi-thin 
(0.35 mm) and ultrathin (70 nm) sections were prepared 
with a diamond knife, using a Reichert Ultracut-E ultra-
microtome, and post-stained with lead citrate (Reynolds 
1963). Sections were observed with a Zeiss EM910 trans-
mission electron microscope. 

Photosynthesis and chlorophyll fluorescence 
measurements

Photobiont cells from all algal strains and salt concentra-
tions were harvested (~ 200 mg) with nylon filters (5 µm 
pore-size), transferred to solid media and maintained 
under the same culturing conditions for 24 h. The response 
of photobiont net assimilation rate (A) to changing exter-
nal photosynthetically active radiation (PAR) was meas-
ured using a LCpro + Portable Photosynthesis System 
(ADC Bioscientific Ltd., Hertfordshire, UK). Rates of 
CO2 uptake were related to weight. The response of A to 
changing PAR was assessed following 5 min stepwise 
increases in PAR from darkness to 1000 µmol photons 
m–2 s–1 at a CO2 concentration of 400 ppm at 20°C.

Chlorophyll a fluorescence was measured at room 
temperature using a pulse modulation fluorometer (PAM-
2000, Walz, Effeltrich, Germany). Algae samples were 
layered on filter paper that was kept moist with distilled 
water in order to maintain the cells in a fully hydrated 
state. The samples were kept in the dark for 30 min, after 
which the minimal fluorescence yield (Fo) was obtained 
by exciting the photobionts with a weak measuring beam 
from a light-emitting diode. The maximum fluorescence 
yield (Fm) was determined with an 800 ms saturating 
pulse of white light (8000 µmol m–2 s–1 PAR). Variable 
fluorescence in dark-adapted samples (Fv) was calculated 
as Fm-Fo. The maximum quantum yield of photosystem 
II (PSII) was calculated as Fv /Fm (Kitajima and Butler 
1975). Next, a 90 s stepwise increase in PAR followed by 
saturating pulses of white light were applied to determine 
(i) maximum fluorescence yield during actinic illumi-
nation (Fm′), (ii) Chl a fluorescence yield during actinic 
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illumination (Fs), and (iii) the level of modulated fluo-
rescence during brief interruption (3 s) of actinic illumi-
nation in the presence of 6 µmol photons m–2 s–1 far-red 
light (Fo′). The non-photochemical dissipation of absorbed 
light energy (NPQ) was determined at each saturating 
pulse according to the equation NPQ = (Fm−Fm′)/Fm′ 
(Bilger and Björkman 1991). The quantum efficiency 
of PSII photochemistry (ΦPSII), closely associated with 
the quantum yield of non-cyclic electron transport, was 
estimated from (Fm′−Fs)/Fm′ (Genty et al. 1989). The 
relative electron transport rate (ETR) was calculated as 
ΦPSII × PAR × 0.84 × 0.5 (Schreiber et al. 1986). Excitation 
pressure on PSII, which reflects the proportion of the 
primary quinone electron acceptor of PSII that is in the 
reduced state, was calculated as 1 − qP (Demmig-Adams 
et al. 1990), where qP is the coefficient of photochemical 
quenching (van Kooten & Snel 1990).

Results
Molecular characterization of algal strains

Bayesian and maximum likelihood analyses of the nrS-
SU-ITS dataset produced similar topologies, and only the 
Bayesian 50% majority-rule consensus tree is depicted 

in Figure 2. Recovered phylogenetic relationships among 
genera in Ulvales mostly agreed with the topology obtained 
by Darienko & Pröschold (2017). The only difference 
was that we recovered Desmochloris in a well-supported 
position as basal to the clade made up of Lithotrichion, 
Pseudendoclonium, Paulbroadya and Halofilum, whereas 
Darienko and Pröschold (2017) recovered the latter clade 
as sister to Ctenocladus but not statistically supported. The 
strains isolated from Hydropunctaria amphibia (hereafter 
Hr-Ha), H. maura (hereafter Hr-Hm) and Wahlenbergiella 
striatula (hereafter Hr-Ws) clearly belong to the species 
Halofilum ramosum (Fig. 2). 

All nrSSUsequences obtained from the isolated strains 
were identical to available sequences of Halofilum ramo-
sum. The nrITS sequences from Hr-Ha and Hr-Hm were 
identical and differed in four positions from the most 
similar H. ramosum strains: SAG 2235 (MF034617) and 
ULVO-28 (MF034624), both isolated from H. maura 
from northern France. On the other hand, strain Hr-Ws 
differed in two positions and a 3 bp deletion from strains 
Hr-Ha and Hr-Hm. The sequence of the hypervariable 
region RPL10A from Hr-Ws differed in 13 (2.53%) of 
513 positions from the sequences of Hr-Ha and Hr-Hm, 
which were identical in those two strains. 

Figure 2. Bayesian 50% majority-rule consensus tree based on the combined nrSSU and nrITS regions, showing phylogenetic relationships among 
genera in the Ulvales and the phylogenetic affinity of the isolated strains in this study with Halofilum ramosum. Posterior probability and ultrafast 
bootstrap values are indicated close to the nodes. Branches in boldface represent nodes supported by both analyses. For Halofilum ramosum, the 
source from which the strains were isolated is given after the dash.
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Figure 3. TEM images of cultivated photobionts from Wahlenbergiella striatula, Hydropunctaria amphibia and Hydropunctaria maura thalli. 
A – Photobiont cell from W. striatula, showing parietal chloroplast with pyrenoid (P) surrounded by starch plates (S) and multilayered cell wall 
(cw) and cytoplasmic osmiophilic structures (asterisks); B – Photobiont cell from H. maura, showing a parietal chloroplast with plastoglobulli 
situated between lamelas and several mitochondria (m) and multilayered cell wall (cw); C – Photobiont cell from H. amphibia, showing the ma-
jority of the cell volume occupied by the chloroplast and numerous plastoglobuli; D – Chloroplast of H. maura photobiont cell, showing a group 
of plastoglobuli in the central area of the chloroplast; E – Pyrenoid (P) of W. striatula photobiont cell surrounded entirely by starch grains (S) 
and penetrated by tubules (arrow); F – H. amphibia photobiont cell, showing parietal chloroplast and cytoplasm containing different osmiophilic 
structures (asterisks).
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Ultrastructure of algal strains

The three isolates were morphologically similar and cor-
responded to uniseriate filaments of more or less roundish 
cells (Hr-Ws shown in Fig. 1D), although in some cultures 
elongated cells were also found. They had uninucleate 
cells and a single parietal chloroplast (Fig. 3A, B). In all 
of them, the chloroplast occupied much of the algal cell 
volume and plastoglobuli occurred between lamellas (Fig. 
3A–D). In chloroplasts of Hr-Ws cells there was a con-
spicuous pyrenoid surrounded almost entirely by starch 
and penetrated by transpyrenoidal membranes (tubules) 
(Fig. 3A, E). Plastoglobuli were absent from this pyre-
noid, and the surrounding starch plates appeared slightly 
spaced. The presence of numerous osmiophilic globules 
(Fig. 3A, B, F) and mitochondria (Fig. 3B) was frequent 
in several cells analysed in all cultures. The cell walls 
showed a similar distinct layered structure in all three 
isolates (Fig. 3B, D, F). 

Carbohydrate quantification

HPLC analysis showed that H. ramosum strains accumu-
late glycerol and sucrose in high amounts (2–24 mg ⋅ g–1 

DW). The presence of other carbohydrates such as man-
nitol, glucose and trehalose was also detected but in much 

lower concentrations (< 1 mg ⋅ g–1DW) (data not shown) 
and was not analysed further. In Hr-Hm and Hr-Ha the 
amount of sucrose increased with salt concentration. In 
Hr-Hm, sucrose increased from ~ 4 mg ⋅ g–1 DW in 0‰ 
medium to 10.4 mg ⋅ g–1 DW in 30‰ medium. In Hr-Ha, 
sucrose increased from ~ 4 mg ⋅ g–1 DW in 0‰ medium 
to 6.8 mg ⋅ g–1 DW in 30‰ medium. In Hr-Ws, sucrose 
decreased from 9.8 to 2.6 mg ⋅ g–1 DW under the same con-
ditions (Fig. 4A). The response of glycerol displayed the 
opposite behaviour: in Hr-Ws the highest concentrations 
were found in algae growing in 30‰ medium, while in 
Hr-Hm and Hr-Ha the lowest concentrations were found 
in 0‰ medium (Figure 4B).

Photosynthesis performance

According to Fv /Fm measurements (Fig. 5), photosynthe-
sis in the Halofilum ramosum strains seemed not to be 
affected by growth at different salt concentrations. Hr-Hm 
showed a gradual increase of Fv /Fm with salt concentra-
tion, but the difference between the highest value (0.633) 
at 30‰ NaCl and the lowest value (0.572) at 0‰ NaCl 
was less than 10%. For Hr-Ha there was no clear pattern 
of NaCl effect on Fv /Fm; the Fv /Fm value was highest at 
15‰ (0.689) and lowest at 30‰ (0.609). In Hr-Ws, Fv /Fm 
varied between 0.665 at 0 ‰ and 0.588 at 15‰.

The relative electron transport rate (ETR) was satu-
rated at 800–1000 µmol photons m–2 s–1 (PPDF) in all 
H. ramosum strains. The maximum values of ETR in 
Hr-Hm (Figure 6A) and Hr-Ha (Figure 6B) were higher 
(50–60) than in Hr-Ws (~ 40, Figure 6C). As with Fv /Fm, 
the salinity of the medium did not have significant effects 
on ETR. Only in the case of Hr-Hm was the electron trans-
port rate slightly lower when it grew in 0‰ NaCl medium. 
In Hr-Hm and Hr-Ha the increase of NPQ at higher light 
intensity was small, and was similar for algae grown under 
the different NaCl concentrations. However, in Hr-Ws the 
NPQ value increased steeply at higher light intensities, 
especially for algae grown at 0‰ NaCl (Fig. 6F).

Photosystem II (PSII) excitation pressure, expressed 
as 1− qP (photochemical quenching), increased gradually 
with light intensity in the three strains, showing similar 

Figure 4. The concentration of sucrose (A) and glycerol (B) was quan-
tified by HPLC in the different Halofilum ramosum (Hr) strains from 
the lichens Hydropunctaria maura (Hr-Hm), H. amphibia (Hr-Ha) and 
Wahlenbergiella striatula (Hr-Ws) growing in artificial seawater medium 
containing 0 (white), 15 (grey) or 30‰ (black) NaCl. Bars represent 
means ± SE, n = 9. Values bearing different letters differ significantly 
(p < 0.05) by Fisher test (LSD).

Figure 5. Maximum fluorescence yield (Fv /Fm) of the different Halo-
filum ramosum strains (Hr), ecotypes from the lichens Hydropunctaria 
maura (Hr-Hm), H. amphibia (Hr-Ha) and Wahlenbergiella striatula 
(Hr-Ws) growing in artificial seawater medium containing 0 (white), 
15 (grey) or 30 ‰ (black) NaCl. Bars represent means ± SE, n = 4–5.
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values for all samples independently of NaCl content in 
the growth media (Fig. 6G–I). 

CO2 assimilation light saturation curves (Fig. 7) 
showed a low light compensation point (~ 0 µmol CO2 
m–2 s–1) for all cases studied. The CO2 assimilation light 
saturation point was greater for all strains grown without 
NaCl. In addition, the measurements of CO2 gas exchange 
showed that Hr-Hm and Hr-Ha had the highest assimi-
lation rates, reaching values of ~ 1 µmol CO2 m–2 s–1 at 
600–800 PPDF (Fig. 7A, B), while in Hr-Wm the assim-
ilation of CO2 in Hr-Wm was ~ 50% lower (Fig. 7C).

Discussion

All seashore-dwelling lichens from the northern coast of 
the Iberian Peninsula studied here had Halofilum ramosum 
as photobiont. Previous studies (e.g., Thüs et al. 2011) 
indicated that most marine Verrucariaceae had mem-
bers of the genus Dilabifilum as photobionts. Darienko 
& Pröschold (2017) recently reviewed the taxonomy of 
aquatic members of the order Ulvales and showed that 
Dilabifilum is a later synonym of Pseudendoclonium. 
At least two species of this genus, P. arthopyreniae and 
P. commune, are known to be present in lichen symbi-
oses, the latter isolated from Hydropunctaria maura from 
Sweden (Darienko & Pröschold 2017). Those authors 

also described Halofilum, a genus characterized by short-
branched and easily disintegrating filaments, vegetative 
cells with a parietal chloroplast containing a pyrenoid, and 
reproduction occurring by budding or vegetative division 
(Darienko & Pröschold 2017). Our cultures isolated from 
Wahlenbergiella striatula, Hydropunctaria maura and H. 
amphibia fit well with the molecular concept of H. ramo-
sum. The isolated strains, however, differ morphologically 
from the strain shown in Darienko and Pröschold (2017). 
Although our strains form clear filaments, the cells are 
usually not elongated but irregularly rounded. Differences 
could come from the use of different culture media or 
from strains at different physiological states. Future stud-
ies should compare the morphology of identical strains 
growing on different culture media. 

We found two strains differentiated at the molecular 
level at the variable nrITS region and the hypervariable 
RPL10A region, although not at the nrSSU region. Pho-
tobiont strains isolated from supralittoral species (Hydro-
punctaria spp.) shared the same photobiont strain (with 
identical nrSSU, nrITS and RPL10A sequences), whereas 
Wahlenbergiella striatula, a species growing in the upper 
intertidal zone, had a different strain. The ultrastructure 
of the cells from the three isolates also differed; only 
W. striatula photobiont cells showed a conspicuous pyre-
noid surrounded by starch plates. A similar pyrenoid was 

Figure 6. PPFD response curves of the relative electron transport rate (ETR) (A, B C), non-photochemical quenching (NPQ) (D, E, F) and 
PSII photooxidative pressure (1-qP) (G, H, I) in the different Halofilum ramosum (Hr) strains from the lichens Hydropunctaria maura (Hr-Hm) 
(A, D, G), H. amphibia (Hr-Ha) (B, E, H) and Wahlenbergiella striatula (Hr-Ws) (C, F, I) growing in artificial seawater medium containing 0, 15 
or 30‰ NaCl. Bars represent means ± SE, n = 4–5.
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previously inferred for H. ramosum by means of light 
microscopy (Darienko & Pröschold 2017). The presence 
of this type of pyrenoid could facilitate photosynthetic 
CO2-fixing activity when W. striatula is submerged and 
low-CO2 conditions prevail (Ramazanov et al. 1994; 
Zhan et al. 2018). In fact, the pyrenoid is considered to 
be a plastic organelle which can change in morphology, 
structure and composition in response to endogenous and 
external factors (Meyer et al. 2017). These molecular 
and ultrastructural differences, together with the different 
ecophysiology (see below), raise questions about the bio-
logical meaning of these divergences and about whether 
they indicate ecotypes or different species. Ortiz-Álvarez 
et al. (2015) studied the photobionts associated with two 
sister species of the lichen-forming fungi of the genus 
Lichina occurring in the intertidal zone (L. pygmaea) 
and the supralittoral zone (L. confinis). They found 
that the cyanobacteria associated with each species had 
diverged at ~ 170 mya, much earlier than the origin of the 
genus Lichina, suggesting an ecological speciation event 

mediated by a photobiont switch that allowed invasion of 
a new ecological niche (Ortiz-Álvarez et al. 2015). Further 
research is needed to determine whether similar switches 
occurred in marine Verrucariaceae, but evidence points 
towards a much more complex scenario, with several lin-
eages of associated photobionts (Moe 1997; Pérez-Ortega 
et al. 2010; Thüs et al. 2011; Pérez-Ortega et al. 2018) 
and Verrucariaceae lineages (Gueidan et al. 2007; Pérez-
Ortega et al. 2018).

Algae have developed several biochemical strategies 
to maintain cell homeostasis under hyperosmotic stress; 
these include the capacity to synthesize and to accumulate 
compatible organic osmolytes. The presence of different 
low molecular weight carbohydrates such as arabitol, rib-
itol, mannitol, sorbitol, glycerol, sucrose, glucose and tre-
halose has been reported in lichens and their photobionts 
(Hill & Ahmadjian 1972; Roser et al. 1992; Armstrong 
& Smith 1994). HPLC analysis showed that glycerol and 
sucrose were the main osmolytes in all the H. ramosum 
ecotypes; however, their response to salinity was different 
in each strain. While sucrose was accumulated in Hr-Hm 
and Hr-Ha growing under high salinity, glycerol was syn-
thesized in Hr-Ws. Several studies have demonstrated that 
the degree of halotolerance in algae is directly linked to 
the type of osmolyte that accumulates (Bremauntz et al. 
2011, and references within). In stenohaline algae, sucrose 
is more often accumulated in response to osmotic stress, 
while in euryhaline species, glycerol is more commonly 
synthesized to adapt to high external salinity (Reed et al. 
1984; Warr et al. 1985; Reed 1989). It is not clear what the 
advantage is for euryhaline algae to accumulate glycerol 
instead of sucrose. One possibility involves the difference 
in the energetic cost of accumulation of each osmolyte. 
Synthesis of the C12 disaccharide sucrose requires 109 
ATP equivalents, while the C3 molecule glycerol demands 
only 30 ATP equivalents for its biosynthesis (Erdmann 
& Hagemann 2007). Another possibility is that osmolytes 
have to allow optimum enzymatic activity at high solute 
concentrations. It has been observed that high concen-
trations of sucrose can inhibit certain enzymes (Hinton 
et al. 1969). On the other hand, high concentrations of 
glycerol (> 4 M) allow normal activity of intracellular 
enzymes in the euryhaline green algal genus Dunaliella 
(Volvocales) (Cowan et al. 1992; Bisson & Kirst 1995). 
This may explain why glycerol is the main osmolyte in 
algae growing at high salinity, sometimes approaching sat-
uration (Hellebust 1985). The carbon source for synthesis 
of glycerol is via starch degradation (Hellebust 1985). In 
the euryhaline algae Dunaniella tertiolecta, the contribu-
tion of starch breakdown products to glycerol synthesis 
increased progressively with increasing salt stress (Goyal 
2007). Interestingly, only Hr-Ws accumulated starch in 
the plastids, which might be employed for synthesis of 
glycerol. Thus, the analysis of organic osmolytes indicates 
that Hr-Ws might behave as an euryhaline alga, whereas 
Hr-Ha and Hr-Hm might be steno- or mesohaline species. 
It has to be noted, though, that the osmolytes produced 
in culture might be different from those produced by the 
same algae in symbioses. Future studies should address 
this question. 

Figure 7. PPFD response curves of the net CO2 assimilation rate in the 
different Halofilum ramosum strains from the lichens Hydropunctaria 
maura (A), H. amphibia (B) and Wahlenbergiella striatula (C) growing 
in artificial seawater medium containing 0, 15 or 30‰ NaCl. Bars 
represent means ± SE, n = 4–5.
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The maximum quantum yield of primary photochem-
istry in dark-adapted leaves (Fv /Fm) is the most common 
parameter used to express the physiological fitness of 
a plant, as assessed by fluorescence. Healthy plants reach 
Fv /Fm values around 0.840, but for lichens this parameter 
ranges between 0.550 and 0.700. The decline in the value 
of this parameter is generally attributed to photoinhibition 
of PSII associated with damage of the reaction centers. We 
found only small differences of Fv /Fm among the different 
strains and the different treatments. In addition, there were 
no clear trends in the variation of Fv /Fm in relation to NaCl 
concentration. Thus, our results indicate that H. ramosum, 
known so far only from marine environments (Darienko 
& Pröschold 2017), could be able to grow both in fresh-
water and in seawater. Seepage of freshwater from sea 
glaciers and river mouths decreases the salt concentration, 
influencing the distribution of lichens (Ryan 1988). The 
ability to cope with brackish waters represents a clear 
advantage for these Halofilum strains. Further studies 
should focus on determining the tolerance of the three 
phycobionts to higher salinity.

Fluctuation of solar radiation is another important 
environmental factor that may affect the distribution of 
marine lichens within the littoral zone (Ryan 1988), since 
the duration and intensity of irradiation will depend on the 
flooding altitude. We generated PPFD curves to determine 
the response of photosynthesis to light intensity. The rel-
ative electron transport rate (ETR) was higher in Hr-Hm 
and Hr-Ha than in Hr-Ws, and the measurements of CO2 
gas exchange showed that Hr-Hm and Hr-Ha also had 
higher assimilation rates. Higgins et al. (2014) observed 
that photosynthetic yield in Wahlenbergiella mucosa was 
in general lower than in Hydropunctaria maura. Both 
W. mucosa and W. striatula are lichens that inhabit the 
intertidal zone, remaining immersed during long periods. 
They are less exposed to direct sunlight than supralittoral 
species like H. amphibia or H. maura (Orange 2013; Hig-
gins et al. 2014). Lichens and plants from shaded habitats 
generally have lower compensation points and display 
lower rates of photosynthesis under high irradiance than 
sun-adapted lichens and plants (Loach 1967; Green et al. 
1997; Picotto & Tretiach 2010). Coste et al. (2016) found 
a relationship between the length of time that freshwater 
lichen species are submerged and the decay of photosyn-
thesis activity under high irradiation. In their study, the 
subhydrophylic lichen Verrucaria praetermissa increased 
CO2 assimilation notably when it was exposed to high 
PPFD (2000 mmol m–2 s–1, aerial conditions), whereas 
it became negative in the hyperhydrophilous lichen Ver-
rucaria funckii and in Ionaspis lacustris and Porpidia 
hydrophila, two mesohydrophilous species. Thus, the 
lowest photosynthetic rates – estimated by ETR and CO2 
assimilation – of Hm-Ws under high light is consistent 
with a less sunny microhabitat. 

Non-photochemical quenching (NPQ) plays an impor-
tant role in protecting vascular plants and lichens against 
excess radiation. NPQ mechanisms such as the xanthophyll 
cycle and state-transitions reduce the excitation pressure 
on reaction centers, thereby decreasing the possibility of 
photooxidative damage (Papageorgiou & Govindjee 2014). 

Accordingly, NPQ is generally higher in sun-adapted than 
in shade-adapted plants and plant species (Demmig-Ad-
ams 1998; Picotto & Tretiach 2012). On the other hand, 
Hm-Ws displayed the most significant NPQ response to 
light in our comparison with Hm-Ha and Hm-Hm. The 
lower NPQ levels did not result in an increase in PSII 
excitation pressure as might be expected. Thus, it cannot 
be ruled out that energy dissipation in the photobionts of 
H. amphibia and H. maura lichens may be performed by 
alternative mechanisms different from NPQ. 

Zonation of organisms’ occurrence on rocky seashores 
has long attracted the attention of researchers (Knox 
2000). Lichens, like other organisms, show distributions 
restricted to certain belts of the intertidal or supralittoral 
zones (Fletcher 1973a, b; Ryan 1989; Brodo & Sloan 
2004). This distribution is influenced by desiccation tol-
erance, water temperature, salinity and pH (Fletcher 1976 
1980). Recent studies have shown clear physiological 
differences between species growing in the supralitto-
ral zone (Hydropunctaria maura) and middle intertidal 
zone (Wahlenbergiella mucosa) (Higgins et al. 2014). So 
far, lichen photobionts have received little attention in 
attempts to explain lichen zonation at the seashore (Thüs 
et al. 2011; Ortiz-Álvarez et al. 2015). Our results clearly 
indicate that lichen zonation may be driven by photobi-
ont physiological features and mycobiont specialization 
(Ortiz-Álvarez et al. 2015). 

Conclusions

Lichen-forming fungi occurring along the rocky seashore 
of the northern Iberian Peninsula have different strains 
of the recently described algal species Halofilum ramo-
sum, which correspond to their positions with respect 
to the waterline. These algal strains differ in chloroplast 
ultrastructure and in their physiological responses to salt 
concentrations. Further research on the species bounda-
ries in lichen photobionts, particularly those associated 
with aquatic lichens, will be needed to determine whether 
the ecophysiological differences found in this study cor-
respond to different ecotypes or sibling species. Future 
studies should investigate the diversity of marine lichen 
photobionts in a wider range of species and regions to 
shed light on local and regional spatial variation, as well as 
on the degree to which photobiont selectivity has affected 
the evolutionary history of these lichens and their position 
at the seashore.
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