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Abstract: The genus Trebouxia includes the most widespread green microalgae inhabiting lichen thalli worldwide.
Nonetheless, the vast majority of species—level phylogenetic lineages within this genus lack a formal taxonomic
description and, to date, only 31 species have been accepted. In this study, we utilized an integrative taxonomic
approach to describe the new species Trebouxia barrenoae Pazos, Chiva, Garrido—Benavent et Moya, a frequent
symbiont in different lichens which is phylogenetically circumscribed to Trebouxia clade S. The ultrastructural
features of the new microalga were studied through light, confocal, and electron microscopies; phylogenetic,
physiological, and ecological niche analyses were carried out to characterize this new taxon as well. Our findings
revealed a more frequent association of 7. barrenoae sp. nov. with vegetatively reproducing lichens that thrive
in temperate forest habitats and showed a preference for those growing on acidic substrates. The description
of this species fosters progress in the systematics and taxonomy of the genus Trebouxia and enhances precise
characterization of lichen phycobionts.
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INTRODUCTION

Trebouxia Puymaly (Trebouxiaceae Friedl) is a globally
distributed green microalgal genus that encompasses ter-
restrial species, which frequently take part in mutualistic
symbioses involving a wide range of lichen—forming
fungi across diverse ecosystems (e.g., MIADLIKOWSKA
etal. 2014; MuGGia et al. 2018; de CARroLIS et al. 2022;
VESELA et al. 2024; GRUBE 2024). Despite partnering
with ca. 20% of all known species of lichenized fungi
(RaMBOLD et al. 1998; MUGGIA et al. 2020; NELSEN et
al. 2021; Kosecka et al. 2022), only 31 Trebouxia spe-
cies have a formal taxonomic description so far, and,
frequently, new lichenized lineages are reported (e.g.,
FrIEDL 1989; LEAVITT et al. 2015; MUGGIA et al. 2020;
BARRENO et al. 2022; GARRIDO—BENAVENT et al. 2022;
Kosecka et al. 2022; GUIRY & GUIRY 2024). Recently,
MUGGIA et al. (2020) reappraised species diversity and
evolutionary relationships and generated a multi—locus
phylogenetic reference framework in which to base
future research in Trebouxia systematics and taxonomy.

Furthermore, their study revealed the division into four
main Trebouxia clades previously reported by HELMS
et al. (2001): clade A (named after 7. arboricola,),
clade C (after 7. corticola), clade I (after T impressa)
and clade S (after 7. simplex). Shortly after, Xu et al.
(2020) segregated some Trebouxia lineages from clade
S, specifically those associating with the lichen—forming
fungus Cetrariella delisei (Bory ex Schaer.) Karnefelt
et A. Thell, to a fifth, well-supported clade, named as
Trebouxia clade ‘D’ after the lichenized fungal specific
epithet “delisei”. Unfortunately, most putative species—
level lineages within those clades lack a taxonomical
description, which constitutes an impediment when
communicating results of biodiversity and ecological
interactions in lichens.

A recent study by Pazos et al. (2024, submit-
ted) addressing the genetic diversity of the myco— and
phycobionts and their interactions in an epiphytic lichen
community from forest ecosystems in the eastern Iberian
Peninsula reported a further undescribed taxon included
in the genus Trebouxia. This microalga, which belonged
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to the Trebouxia clade S and therefore was provision-
ally named as Trebouxia sp. S28, was the most frequent
photosynthetic partner in the analyzed community. In the
present study we formally describe this new lichenized
Trebouxia following an integrative taxonomic approach
that combines traditional morphological descriptions
(ARCHIBALD 1975; FrIEDL 1989; ETTL & GARTNER 2014)
together with molecular phylogenetics, ultrastructural,
physiological and ecological data (e.g., RIvAS—MARTINEZ
et al. 2017; MoLINs et al. 2018; MuGGiIa et al. 2018;
SKALOUD et al. 2018; BARRENO et al. 2022; GARRIDO—
BENAVENT et al. 2022).

MATERIAL AND METHODS

Taxon sampling. The list of studied lichen specimens that
were collected during 2022 in five localities across forest eco-
systems located in the eastern Iberian Peninsula was reported
in Movya et al. (2023) and Pazos et al. (2024, submitted). The
number of lichen thalli that hosted the new microalga species
(i.e., Trebouxia sp. S28) was 61, of which 39 corresponded
with Pseudevernia furfuracea (L.) Zopf, 19 with Parmelia
serrana A. Crespo, M.C. Molina et D. Hawksw., two with
Xanthoria parietina (L.) Th. Fr. and one with Anaptychia
ciliaris (L.) A. Massal.

Microalgae isolation and culturing. One specimen of P,
furfuracea collected in El Toro (Castelld, Spain) was selected
for algal isolation following the method described in CHiva
et al. (2021). Grown unialgal colonies were subcultivated on
liquid Bold’s Basal Media Petri dishes (BBM, BoLD 1949;
BiscHOFF & BoLD 1963), and a volume of 50 ul was plated
onto solid BBM for 21 days. After this period, a single grown
colony was retrieved to be (1) used for morphological and
physiological analyses, and (2) stored as living strain at the
Symbiotic Algal Collection of the Universitat de Valéncia
(strain code ASUV143) and at the Spanish Algae Bank (“Banco
Espafiol de Algas”, strain code BEA2100B). Light/darkness
time cycles and light intensity in the growth chambers for the
viable cultures also followed CHivA et al. (2021).

DNA extraction, PCR amplification, purification, and
sequencing. Total genomic DNA of the unialgal culture was
isolated using the DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. Four
algal loci were then amplified: the green microalgal barcode
nuclear ribosomal Internal Transcribed Spacer (nrITS), with
the primer pair nt—SSU-1780 (PIERCEY-NORMORE & DEPRIEST
2001) and ITS4T (KROKEN & TAYLOR 2000); the chloroplast,
protein—coding ribulose—1,5-bisphosphate carboxylase/oxy-
genase large subunit (rbcL), with the primer pair tbcL1511/
rbcLI86R (NELSEN et al. 2011); the mitochondrial, protein—coding
cytochrome ¢ oxidase (cox2), with the primer pair COXIIf2/
COXIIr (LINDGREN et al. 2014); and a region of the chloroplast
LSU rDNA gene (primer pair 23SU1/23SU2, DL CaMPO et al.
2010). PCR reactions for nrITS, cox2 and LSU rDNA started
with a denaturalization step of two min at 94 °C, followed by
30 cycles of 30 s at 94 °C, 45 s at 56 °C and one min at 72 °C,
and they ended with a final elongation step at 72 °C for five
min. For the rbcL, we followed NELSEN et al. (2011). PCR
products were then visualized on 1% agarose gels and purified
using the NZY Gelpure kit (NZYTECH). Sanger sequencing
of purified PCR products was performed with an ABI 3100
Genetic analyzer using the ABI BigDye TM Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosystems, Foster
City, California, USA) at StabVida (Portugal). Sequence edition
and consensus assembly of forward and reverse reads were

performed using SnapGene Viewer 7.0.2 (GSL Biotech. 2023).

Assembly of sequence datasets, alignments, and phyloge-
netic analyses. Sequence data from the nrITS, cox2 and rbcL
markers were employed for inferring three different single—
locus phylogenetic trees. Species and specimen selection for
assembling sequence datasets was based on MUGGIA et al.
(2020). For phylogenetic tree comparison, only specimens with
all three markers (nrITS, cox2 and rbcL) were included in the
analyses. An LSU sequence dataset was not compiled due to
the lack of sequence data for most lineages within Trebouxia
clade S. The ingroup consisted of samples of the new Trebouxia
sp. S28, as well as T angustilobata, T. simplex and T. suecica
and sequences obtained from still undescribed species—level
lineages, which are generally named as Trebouxia sp. followed
by S and a two—digit numeral (LEAVITT et al. 2015; MUGGIA
et al. 2020). The outgroup (used to root the phylogenetic tree)
consisted of a few specimens representing undescribed species
belonging to Trebouxia clade A (see Supplementary Table S1).
Alignments for the three markers were built separately
using MAFFT v. 7.505 (KatoH et al. 2002; KATOH & STANDLEY
2013), with the FFT-NS-I x1000 algorithm, the 200PAM /
k = 2 scoring matrix, a gap open penalty of 1.5 and an offset
value of 0.123. Resulting alignments were manually edited to
trim ends of longer sequences and to annotate (1) partitions
within the whole nrITS region and (2) codon positions in the
protein—coding cox2 and rbcL. Phylogenetic inferences were
then made following two approaches: Maximum Likelihood
(ML) and Bayesian Inference (BI). ML tree estimations were
carried out with RAXML (STamATAKIS 2006; STAMATAKIS et
al. 2008) as implemented in the CIPRES Science Gateway
(MILLER et al. 2010), using the GTRGAMMA as the nucleotide
substitution model for the defined sequence data partitions. One
thousand rapid bootstrap pseudoreplicates were conducted to
evaluate nodal support. We first generated single—locus trees
to test for topological incongruence among them, assuming
bootstrap values >70 % as significant for conflicting relation-
ships among the same set of taxa (MASON—GAMER & KELLOGG
1996). Then, and because no conflicts were found, a multi—locus
RAXML tree was constructed. Before constructing a multi—locus
Bayesian tree, PartitionFinder v. 1.1.1 (LANFEAR et al. 2012)
was used to find the optimal evolutionary nucleotide substitu-
tion and partition schemes (Supplementary Table S2). The BI
phylogenetic reconstruction was conducted with the program
MrBayes v. 3.2.7 (RoNQuIST et al. 2012), with two parallel,
simultaneous four—chain runs executed over 5x107 generations
starting with a random tree, and sampling after every 500th
step. The first 25% of data was discarded as burn—in, and the
50% majority—rule consensus tree and corresponding posterior
probabilities (PP) were calculated from the remaining trees.
Chain convergence was assessed ensuring that the potential
scale reduction factor (PSRF) approached 1.00 and that the
average standard deviation of split frequencies (ASDSF)
values fell below 0.005. Tree nodes with bootstrap support
(BS) values higher than 70% and PP equal or higher than 0.95
were regarded as significantly supported. Trees were drawn
with FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and
InkScape (https://inkscape.org) was used for artwork.

Multi-microscopic approach to characterize the new
Trebouxia. Light microscopy (LM), confocal laser scanning
microscopy (CLSM) and transmission electron microscopy
(TEM) were performed to conduct a comprehensive morpho-
logical analysis of the new Trebouxia species based on unialgal
isolation cultures (ASUV143) on their 21* day of cultivation
at 20° C. LM observations were done using a Nikon Eclipse
E—800 microscope, whereas photographs were taken with a
Nikon DS-Ril camera (ICBIBE Microscopy Service). For
CLSM, the strain was processed as described in BORDENAVE et
al. (2022). TEM was employed to investigate the ultrastructural
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characteristics of the new Trebouxia both in culture and sym-
biotic state. Cells were fixed and dehydrated as described in
Mouins et al. (2018). Samples were subsequently embedded
in Spurr’s resin according to the manufacturer’s instructions.
After embedding, ultra—thin sections measuring 80 nm in
thickness were cut using a diamond knife (DIATOME ultra
45°) and mounted on 100 mesh copper grids, as described in
BORDENAVE et al. (2022). These sections were then stained
with a solution of 10% uranyl acetate and 0.1% lead citrate
utilizing the “Synaptek Grid—Stick Kit”. Finally, sections were
examined at 80 kV using a JEOL JEM—1010 microscope (Jeol,
Peabody, MA, USA), and images were captured employing an
Olympus MegaView III camera and subsequently processed
using the Fiji distribution of ImageJ (SCHINDELIN et al. 2012).
Representative images of the new isolated microalga were
acquired at the SCSIE (Universitat de Valéncia).

Growth conditions for physiological analyses. Prior to
treatments, and to know the cell concentration of the isolated
microalgal strain, one culture was filtered through a 50 um pore
filter (Partec, Celltrics) and counted in the Neubauer chamber.
Subsequently, the cell concentration was readjusted to 5.0x107
cells.ul™. 50 ul of filtered cell suspension were applied directly
over solid 3N-BBM (GasuLLA et al. 2010). Supplemented with
glucose 20 gl ! and casein hydrolysate 10 gl™!. For treatments,
six sets of twelve colony replicates each were prepared: 32
photosynthetically active radiation (PAR) and 15 °C, 32 PAR
and 20 °C, 50 PAR and 15 °C, 50 PAR and 20 °C, 90 PAR and
15 °C, and 90 PAR and 20 °C. All treatments lasted 21 days
and a 12 h photoperiod with upper light was applied. Colony
growth and chlorophyll fluorescence measurements were done,
for consistency, between 2—4 hours after the light period started.

Colony growth measurements. During the treatment days,
colony growth was measured every day using a photographic,
non—destructive method that allowed us to follow each individual
colony over time. Images were taken at fixed distance with a
Canon EOS 2000D digital camera (Canon, Ota City, Tokyo,
Japan), analyzed with Fiji distribution of ImageJ (SCHINDELIN
etal. 2012) and integrated densities (IntDen) were acquired for
each image of each colony. For each measurement of IntDen
the corresponding background value was subtracted from the
colony value. IntDen values were then used for fitting three
parameter logistic least square growth curve models using
R—Studio v. 2022.02.0 (R stupio Team 2021) and R v. 4.1.2
statistical software packages (R CORE TEaM 2021). The model
is given by the following equation:

y=K/ (1 +exp (1% (t-t,,),

where y is area or integrated density at time t; « is the carry-
ing capacity of the population, the maximum colony size; t .
is the time at which the colony reaches half of its maximum
size; and r is the intrinsic growth rate. After curve fitting was
performed, maximum growth rate (x_) was calculated as the
slope at the midpoint as r*«k/4, the duration of the lag phase
(t,,) was estimated as the time at which the line passing through
(t, .o K/2) with slope g equals the initial inoculum y =n_,
and the time at which k was reached and the stationary phase
initiates (t ) was determined as the line passing through (t
«/2) with slope #_ equals y = k.

The data of growth parameters «, r, t_, it .t andt_
and chlorophyll-fluorescence parameter F /F_ were analyzeé
with two—way analysis of variance (ANOVA) using light
radiation (PAR) and temperature as factors, followed by post
hoc comparisons using Tukey’s HSD test. The value 0.05 was
considered the significance level. Calculations were performed
using R v. 4.1.2 (R Core Team 2021).
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days of algal colony growth, transient fluorescence of PSII
(Photosystem II) chlorophyll measurements were made with a
fluorometer (HandyPEA, Hansatech Instruments®) according
to RacHoskl et al. (2015). Briefly, colonies were dark—adapted
for 5 min with leaf clips. Then, leaf clips were opened, and
samples were exposed during 3 s to 3500 pmol photons.m=.s™
(637 nm peak wavelength). Data were analyzed by the PEA
Plus software (Hansatech Instruments®) and OJIP analysis was
performed (STIRBET & GOVINDUEE 2011). F /F_ or maximum
quantum yield of primary PSII photochemistry was used for
comparison of treatments.

Microalga ecological characterization. Ecological prefer-
ences and geographic distribution of the new microalga were
assessed based on our own records and metadata of sequences
deposited in GenBank that could be attributed to the new
Trebouxia. Such attribution was corroborated phylogenetically
building a single—locus nrITS phylogenetic tree with RAXML
that included (1) the nrITS sequence of collection ASUV 143
(OK577856) which represents the new species’ type (see Results
section below), and (2) the first 1000 sequences obtained after
conducting a BLAST search against the GenBank database
and considering all hits showing a 95% or more identity match
(data not shown). Based on clade placement and bootstrap sup-
port values (BP > 70%), the number of sequences that could
be attributed to the new Trebouxia was 120 (Supplementary
Table S3). A map showing the geographical distribution of the
new species was designed using the function map data in R
package ggplot2 (WickHAM 2016).

Additionally, using all Trebouxia clade S sequences
available in GenBank, and relying on the phylogeny inferred by
Kosecka et al. (2022), we conducted a climatic niche analysis
of the new Trebouxia species and other formally described
species within Trebouxia clade S following VANCUROVA et al.
(2018, 2021). For data obtained from GenBank, only entries
with accurate geospatial coordinates and species affiliation were
used. Climatic niche hypervolumes were therefore represented
for the new Trebouxia (n = 94), T angustilobata (n = 45), T.
simplex (n=63) and T suecica (n =55) (Supplementary table
S4), using the Hutchinsonian niche concept. This concept defines
a species’ niche as a hypervolume with n—dimensional dimen-
sions corresponding to environmental variables (HUTCHINSON
1957). The construction of climatic hypervolumes involved
the application of multivariate kernel density estimation
(BLONDER et al. 2014). A Principal Component Analysis (PCA)
was conducted based on 19 Bioclimatic variables (KARGER et
al. 2017), and the first two axes, which explained 70% of the
total variance, were selected to calculate hypervolumes for
each species—level lineage. The boundaries of kernel density
estimates were delineated by the probability threshold, using
the 0.85 quantile value. Hypervolume contours were plotted
to project niche spaces, based on 5000 random background
points, using the alphahull contour type and the alpha smooth-
ing value 0.55. For ease of comprehension of the differential
ordination of samples in the hyperspace, we employed box plots
to visualize these differences. All analyses were performed in
R studio v. 4.3.1 (RStup10 CORE TEAM 2023) using base func-
tions and the packages hypervolume (BLONDER et al. 2014)
and alphahull (PATEIRO-LOPEZ & RODRIGUEZ—CASAL 2016).

RESuULTS

In the present work, we describe the novel species
Trebouxia barrenoae, providing a comprehensive and
integrative study based on phylogenetic, morphological,
physiological and ecological data which supports the
delineation of this species.
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Alignment description and phylogenetic analyses. The
nrITS, rbcL and cox2 datasets included each 59 sequences,
and had a length of 633, 789 and 441 bp, respectively.
The number of variable sites (parsimony—informative
sites in parentheses) in the corresponding alignments
were 177 (128), 56 (43), and 86 (73). ML phylogenetic
tree analyses in RAXML based on nrITS, rbcL and cox2
data estimated topologies with a final LogLikelihood of
—2499.4562,—-1484.5533 and —1128.1969, respectively.
MrBayes analyses reached an ASDSF value of 0.005
after 1.62 x 10°,1.99 x 10° and 4.74 x 10° generations,
respectively, and Estimated Sample Sizes (EESs) were
well above 200 for all parameters in all three phylog-
enies. Because ML and MrBayes topologies showed no
supported conflicts, the nrITS topology inferred with
MrBayes is presented in Figure 1 (see Supplementary
Fig. S1 and S2 for cox2 and rbcL phylogenies). The
nrlTS phylogeny, revealed the type specimen of the new
Trebouxia species (collection ASUV 143, see Taxonomy
section below) forming a monophyletic clade together
with four specimens formerly assigned to Trebouxia sp.
S02 (KR914065, KJ623941, KJ623945 and KJ623946)
with a BS support of 72% (PP = 0.95). The number of
nucleotide differences in the barcode nrITS region of the
specimen representing the newly described species and
these four sequences was two or less. Due to the poly-
tomy observed within the undescribed species Trebouxia
sp. S02, the sister species of Trebouxia barrenoae sp.
nov. is not resolved. Another specimen of Trebouxia sp.
S02_S08 (KJ623944) from a thallus of Lasallia pustulata
(L.) Mérat collected in Greece (SADOWSKA—DES et al.
2014) was revealed as close species of the new Trebouxia
species, but it differed in seven bp from the new species’
nrITS sequence. At a greater scale, the new species and
its sister lineage were placed in a clade including other
specimens originally assigned to Trebouxia sp. S02.
Our phylogeny showed that the undescribed Trebouxia
sp. S02, as originally delimited (LEAVITT et al. 2015), is
polyphyletic, which agrees with results of MUGGIA et
al. (2020). Finally, the other formally described species
in Trebouxia clade S (T. angustilobata, T. simplex and T.
suecica), which were well resolved in this phylogeny,
were not shown to be close relatives of the new species.
The resolution provided by the nrITS phylogeny was
lost with rbcL and cox2 (Supplementary Fig. S1 and
S2). The alignments of these two markers were very
homogeneous and did not show variability among the
sequences, with a maximum of five nucleotides. In addi-
tion, rbcL and cox2 did not provide enough information
to resolve the clades of the formal species included in
this clade, especially 7. angustilobata and T. suecica.

Morphological and ultrastructural description of
Trebouxia barrenoae sp. nov. in culture and in sym-
biosis. Mature cells were characterized by a regular
spherical shape with a diameter ranging from 9 to 17
um (Figs 2A, G-K), and showed a single central chlo-
roplast that nearly occupied the whole volume of the

cytoplasm and displayed shallow, elongated lobes (Fig.
2G-K), recalling the ‘shallowly lobed’ type (BORDENAVE
et al. 2022). TEM analyses corroborated the presence
of an impressa—type pyrenoid that laid in the center
of the cell (Fig. 2C); occasionally, secondary smaller
pyrenoids scattered along the matrix co—existed with
the central one (Fig. 2A). Pyrenoglobules were always
present in moderate numbers arranged in a row adjacent
to the invaginations of the tubules (Fig. 2A, C). The cell
wall was composed of two layers (Fig. 2D, F). Asexual
reproduction via autospores was observed; irregularly
shaped autosporangia (12—19 pum) usually contained 4-16
autospores, tightly appressed to each other (Fig. 21, K).
Zoospores were not observed, and sexual reproduction
was not observed.

In symbiosis, this microalga displayed slight
morphological variations (Supplementary Fig. S3), as
thylakoid membranes of the chloroplast were laxer than
in culture. The interactions between phycobiont cells and
fungal hyphae in the observed thalli were interpreted as
type—1 intraparietal haustoria (HONEGGER 1986).

Climatic distribution of Trebouxia barrenoae sp. nov.
Two—dimensional hypervolumes were constructed for 7.
barrenoae sp. nov. and the other three described species
in Trebouxia clade S: T. angustilobata, T. simplex and T.
suecica (Fig. 3). The climatic hypervolume for all species
overlapped in a substantial area that corresponded to the
temperate forest of northern Europe, which is charac-
terized by cold winters and relatively warm summers
(DrEIss & VoLIN 2020). Consequently, all phycobionts
showed relatively high temperature seasonality levels
(BIOA4, Fig. 3C). Nevertheless, each species showcased
an intricate expansion of its ecological niche into diverse
climatic regions. The new species 7. barrenoae sp. nov,
which predominantly occupied humid and relatively
cold areas (BIO11, 17, 18, Figure 3D, E), exhibited the
narrowest hypervolume, compared to the remaining
three Trebouxia. In contrast, 7. suecica spanned the
entire Y—axis gradient and revealed its preference for
warmer locations. Trebouxia simplex also exhibited a
broader acceptance range across diverse climatic types,
unraveling two isolated zones: the first one overlapped
with 7. angustilobata and represented areas with colder
and drier climates; the second represented locations with
very high isothermatility (e.g., Costa Rica).

Taxonomy

Class Trebouxiophyceae
Order Trebouxiales

Family Trebouxiaceae Friedl
Genus Trebouxia Puymaly

Trebouxia barrenoae sp. nov. Pazos, Chiva, Garrido—
Benavent et Moya

Description: Vegetative mature cells spherical, 9-17
pm wide. Cell wall composed by two layers, with the
inner one being thicker than the outer one. Nucleus
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Fig. 1. MrBayes phylogram constructed using the nrITS dataset that depicts evolutionary relationships among described and still undescribed
Trebouxia species—level lineages in clade S. Each tip indicates the species code of each Trebouxia clade following MUGGIA et al. (2020). The

new species Trebouxia barrenoae sp. nov. is highlighted in a green box.
and/or posterior probabilities (PP, MrBayes) > 0.95.

marginal, between the chloroplast lobes. Chloroplast
central, shallowly lobed, with elongated lobes mean-
dering around the chloroplast surface. A large central,
impressa—type pyrenoid and several satellite smaller
ones scattered throughout the chloroplast. Pyrenoids
with radial, unbranched tubules penetrating a thick
matrix; pyrenoglobules found in moderate numbers in
the pyrenoid matrix, arranged linearly adjacent to the
pyrenotubules. Asexual reproduction consisting in the
formation of 4-16 autospores within irregularly shaped,
12-19 pm wide autosporangia. Zoospores not observed.
Sexual reproduction not observed (Table 1).

Holotype: Dried material number VAL Algae 3072

Thickened branches indicate bootstrap support (BS, RAXML) > 70%

deposited at the VAL Herbarium (VAL _Algae Collection)
of Valencia.

Iconotype (designated here to support the holotype):
Fig. 2.

Type locality: Europe, Spain, Comunitat Valenciana,
Castello, El Toro, Puntal de los Peiros, 39°57°32.3”N,
0°46°35.5”W, 30SXK8925, alt. 1150 m, low supramediter-
ranean (ITC0203) — low subhumid (I0 =4.7) bioclimate,
as lichenized partner of the mycobiont Pseudevernia
furfuracea, collected on Pinus sylvestris, 17 May 2022,
leg. S. Chiva and P. Moya.

Etymology: The species is named after Prof. Dr. Eva
Barreno, a renowned Spanish lichenologist whose studies
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Fig. 2. Morphology of Trebouxia barrenoae sp. nov. (reference strain: ASUV143) by TEM (A-F), LM (G, H) and CSLM (I-K): (A) ultra-
structure of 7. barrenoae in culture; (B) mature cell with several chloroplasts before cytokinesis to form an autosporangium; (C) detail of the
impressa—type pyrenoid, white arrows indicate pyrenoglobules; (D) detail of the cell wall containing two layers; (E) detail of the thylakoids
of the chloroplast; (F) detail of the nucleus; (G) gross morphology of vegetative cells and autosporangia; (H) morphology of a mature cell,
white arrow indicates the pyrenoid; (I) confocal reconstruction of the morphology of autosporangia, immature cells undergoing first chloroplast
division and mature cells; (J) morphology of a mature cell and detail of the pyrenoid by CSLM; (K) gross morphology of vegetative cells and
autosporangia with cells undergoing first chloroplast division by CLSM. Abbreviations: (chl) chloroplast, (cw) cell wall, (n) nucleus, (nu)
nucleolus, (py) pyrenoid, (spy) satellite pyrenoid, (th) thylakoids and (v) vesicles. Scale bars 2 um (A-F), 5 um (G-K).

have significantly contributed to the understanding of
mutualistic interactions in lichens.

Ecology and distribution: This new lichenized microalga
predominantly distributes in temperate forests across the
Northern Hemisphere (Fig. 3A), especially in Europe,
with occurrences that extend beyond the European
continent to include North America (Canada), Africa
(Morocco), and Asia (Iran; see Supplementary Table

S4). This microalga associates primarily with lichenized
fungi of the family Parmeliaceae, but also with members
of other families, such as Caliciaceae, Lecanoraceae,
Ochrolechiaceae, Psoraceae, Teloschistaceae, and
Umbilicariaceae. Finally, Trebouxia barrenoae sp. nov.
mostly thrives on epiphytic lichens growing on Picea
and Pinus spp., both phorophytes characterized by their
acidic bark. Additionally, it has been found to a lesser
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Fig. 3. Biogeography and climatic niche of Trebouxia barrenoae sp. nov.: (A) climatic niche hypervolumes for 7. barrenoae, T. angustilobata,
T. simplex and T. suecica based on climatic PC1-PC2 axes; BioClim variables: 1 = annual mean temperature (°C), 2 = mean diurnal range
(°C), 3 = isothermality (adimensional, index), 4 = temperature seasonality (adimensional, standard deviation), 5 = max temperature of warmest
month (°C), 6 = min temperature of coldest month (°C), 7 = temperature annual range (°C), 8 = mean temperature of wettest quarter (°C), 9 =
mean temperature of driest quarter (°C), 10 = mean temperature of warmest quarter (°C), 11 = mean temperature of coldest quarter (°C), 12 =
annual precipitation (mm), 13 = precipitation of wettest month (mm), 14 = precipitation of driest month (mm), 15 = precipitation seasonality
(adimensional, coefficient variation), 16 = precipitation of wettest quarter (mm), 17 = precipitation of driest quarter (mm), 18 = precipitation
of warmest quarter (mm), 19 = precipitation of coldest quarter (mm) (KARGER et al. 2017); (B) box—plot diagram representing differences in
BioClim 4: Temperature Seasonality (standard deviation *100); (C) box—plot diagram representing differences in BioClim 11: Mean Tempe-
rature of Coldest Quarter; (D) box—plot diagram representing differences in BIO17 = Precipitation of Driest Quarter; (E) Map showing the
geographical distribution of 7. barrenoae in Europe and the Canary islands.
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Fig. 4. Modelled growth curves of light radiation and temperature treatments. Lines represents average predicted value of models; shaded areas
show standard deviation (s.d.) 95% confidence interval. Original data points are shown (n = 12). See Supplementary Figure S4 for mean+s.d.

of growth parameters.

extent in saxicolous and terricolous lichens.
Reference strains: ASUV 143 and BEA2100B.
GenBank accession numbers: OK577856 (nrITS),
PP327373 (cox2), PP327374 (rbcL) and PP626696 (LSU).
Phylogeny: Trebouxia barrenoae (S28) belongs to
Trebouxia clade S and is close to Trebouxia sp. S02
according to the nrITS phylogeny reconstructed under
ML and BI (Fig. 1).

Physiological features: Colonies of Trebouxia barrenoae
sp. nov. were bigger (x) and showed higher maximum
growth rates (u_) when grown at 15 °C than at 20 °C
at all light intensities except for 32 PAR (Fig. 4), the
lower that was tested (Supplementary Fig. S4). These
results agree with the photosynthetic efficiency F /F
(Supplementary Fig. S5) which is higher for all light
intensities at 15 °C than at 20 °C.

Differential diagnosis: The new species reported here
displays slightly less flattened chloroplast lobes than
its counterparts of Trebouxia clade S. It differs from
T australis and T. simplex by its reduced number of
pyrenoglobules, which are neatly aligned around the
pyrenotubules. Trebouxia australis and T. simplex
exhibit a less organized pyrenoglobule distribution in
the pyrenoids, being dispersed throughout the matrix
(Table 1). Furthermore, the new species clearly diverges

molecularly from other Trebouxia clade S lineages in
the nrITS, rbcL, LSU and cox2 nucleotide sequences.

DISCUSSION

The new species T barrenoae sp. nov. belongs to Trebouxia
clade S, whose species have been progressively delineated
since the seminal work of LEAVITT et al. (2015), followed
by a latter study by MuGGiAa et al. (2020). Nevertheless,
this Trebouxia clade harbors numerous undescribed spe-
cies, surpassing those already taxonomically described.
Our study not only contributes to the refinement of the
taxonomic and systematic understanding within this
group, but also addresses the ongoing need to increase
our knowledge regarding its ecology, physiology and
evolutionary relationships. Concerning 7rebouxia sp.
S02, we corroborated previous phylogenetic analyses
published by MuGaia et al. (2020), which elucidated
the polyphyletic nature of this lineage; consequently, the
taxonomic landscape of this clade is improved with the
description of 7. barrenoae sp. nov. However, significant
taxonomic work employing integrative methodologies,
which consider not only phylogenetic relationships but
also ecological and physiological traits, is essential to
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Table 1. Morphological comparison among Trebouxia clade S species. Asterisks indicate descriptions derived from the species’ protologue. The
newly described 7rebouxia is highlighted in bold.

Trebouxia spp.

Shape and size

Chloroplast type

Pyrenoid type

Reproduction

T. angustilobata
A. Beck

T. australis
A. Beck

T. barrenoae

T. brindabellae
A. Beck

T. simplex
Tschermak—Woess

T. suecica
A. Beck

Spherical, (5-)7-22
um cell diameter
(Beck 2002) *

Spherical, (5-)7-23
(very rarely up to
25) um cell diameter
(BEck 2002) *

Spherical, 9-17 pm
cell diameter

Spherical, (5-)7-25
um cell diameter
(Beck 2002) *
Spherical, (14-)16-23
um cell diameter

(TSCHERMAK—W OESS
1978) *

Spherical, (5-)7-13

(rarely up to 15) um

cell diameter (BECck
2002) *

Central, narrow lobed
(BEck 2002) *

Narrow lobed (BECk
2002) * Central, shal-
lowly lobed, with narrow
lobes (BORDENAVE et al.
2022)

Central, shallowly
lobed, elongated lobes

Type not reported, cen-
tral, with long, broad
lobes (BEck 2002) *

Central, shallowly and
deeply lobed, with long,
broad lobes that usually
appear twisted (TSCHER-

MAK—WOESS 1978*, BOR-
DENAVE et al. 2022)

Type not reported, cen-
tral, deeply lobed, with
broad lobes, which usual-
ly appear twisted (BECK
2002) *

Radial pattern, similar
to impressa—type
(Beck 2002) *

Multiple impressa—
type, pyrenoglobules
scattered throughout
the matrix (BORDE-

NAVE et al. 2022)

Multiple impressa—
type, pyrenoglobules
aligned around the
tubules

Radial pattern, similar
to impressa—type
(BEeck 2002) *

Multiple impressa—
type, pyrenoglobules
scattered throughout

the matrix
(BORDENAVE et al.
2022)

Radial pattern, similar
to impressa—type
(BECk 2002) *

Forming autospores,
zoospores and aplano-
spores. Zoospores oval,
3—4 x 6—8 um (BECK
2002) *

Forming zoospores,
aplanospores and auto-
spores. Zoospores oval,

3—4 x 6—8 um. (BECK
2002) *
Forming autospores.
Zoospores and

aplanospores not
observed.

Forming autospores,
zoospores and aplano-
spores (BEck 2002) *

Forming zoospores,
aplanospores and
autospores (4-32).
Zoospores oval, 3—4 x
6—8 um (TSCHERMAK—
WoOEss 1978) *

Forming zoospores,
aplanospores and auto-
spores. (BEck 2002) *

address taxa delimitation in other clades comprising the
original Trebouxia sp. S02.

Recently, MUGGIA et al. (2020) reappraised species
diversity and evolutionary relationships and generated a
multi—locus phylogenetic reference framework on which to
base future research in Trebouxia systematics and taxonomy.
In the present study, the combined use of nrITS, rbcL,
and cox2 for multi—locus tree inference was conducted
(data not shown). However, we found that separate and
concatenated datasets yielded incongruent phylogenetic
results; in fact, the multi—locus approach led to the loss
of clade resolution provided by nrITS alone, given that
rbcL and cox2 were not as resolutive as the barcode
marker. In fact, these two protein—coding loci failed to
distinguish the three already formally described species
within this clade in single—locus phylogenies. The most
likely explanation to our findings is incomplete lineage
sorting, perhaps because the studied Trebouxia group
evolved at shallow time depths (MADDISON & KNOWLES
2006). This phenomenon has been reported frequently
in lichenized fungi (e.g., ZHAO et al. 2017; BoLUDA et
al. 2021). All in all, our study highlights the strength
of the highly variable nrITS for species delimitation in
complex Trebouxia groups and the unsuitability of using
rbeL and cox2 in multi-locus phylogenies, at least for

our target Trebouxia clade S. We therefore emphasize
the importance of verifying the phylogenetic resolution
of individual markers before concatenation, the need to
continue searching for markers to straightforward species
delimitation in Trebouxia and, finally, the importance of
incorporating morphological and ecological data to sup-
port molecular information. The new taxon Trebouxia
barrenoae sp. nov. was found almost exclusively in the
eastern Iberian Peninsula in association with two parmel-
iod asexually reproducing lichens: Parmelia serrana and
Pseudevernia furfuracea. To a lesser extent, PAzos et al.
(sumITTED) identified 7. barrenoae sp. nov. as phycobiont
of the sexually reproducing species Xanthoria parietina
and Anaptychia ciliaris. In accordance with these data,
metadata associated to GenBank sequences from Eurasian
lichens reported this species to be in association prefer-
ably with asexually—reproducing lichens of the family
Parmeliaceae, such as species in Bryoria (RUPRECHT et
al. 2014; Borupa et al. 2021), Cetraria (BACKOR et al.
2010; DoMASCHKE et al. 2013; ONUt—BRANNSTROM et al.
2018), Hypogymnia (BHATTACHARYA et al. 1996; SINGH
et al. 2019; MARK et al. 2020), Melanohalea (LEAVITT
et al. 2015), Montanelia (PEKSA et al. 2022), Foveolaria
(OpanowICZ & GRUBE 2004), Parmelia (SINGH et al. 2019;
Mova et al. 2021; OssowsKa et al. 2019; BORDENAVE et
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al. 2022; Peksa et al. 2022) and Pseudevernia (KROKEN
& TAYLOR 2000; SINGH et al. 2019; MARK et al. 2020;
PEKsA et al. 2022). Other mainly asexual lichens such as
Ochrolechia bahusiensis H. Magn. (SINGH et al. 2019)
and Lasallia pustulata (L.) Mérat (SADOWSKA—DES et
al. 2014) were found in association with this microalga.
In the American continent, 7. barrenoae sp. nov. was
found to be the phycobiont of Evernia mesomorpha
Nyl. in Canada (PIERCEY-NORMORE 2009). Moreover,
GenBank documented its minor presence in thalli from
diverse sexually reproducing lichens (i.e., Buellia elegans
Poelt (RUPRECHT et al. 2014), Lecanora cenisia Ach.
(PEKsa et al. 2022) and Psora decipiens (Hedw.) Hoffm.
(RupPrecHT et al. 2014)). These results suggest a notable
preference of 7. barrenoae sp. nov. for the association
with asexually reproducing lichens.

A recent study by PEksa et al. (2022) analyzed
how substrate can influence myco— and phycobiont as-
sociation patterns in rocky lichen communities and found
a substantial preference of Trebouxia clade S for acidic
substrates. In a previous study, BEck (2002) elucidated
that 7. simplex (clade S) is a common photobiont in
lichens growing on acid and heavy metal rich rocky
substrates. Our results are in alignment with previous
studies and reported the preference of 7. barrenoae sp.
nov. for acidic substrates, particularly favoring lichens
inhabiting barks of Pinus spp. in the Iberian Peninsula
and Picea spp. in the rest of Europe, both characteristic
by showing an acidic pH (see Supplementary Table S4).
These results reinforce the pronounced specificity exhib-
ited by species within Trebouxia clade S towards acidic
substrates, and document for the first time its choice for
epiphytic habitats. Further investigations should conduct
physiological analyses to elucidate the growth rate of
these microalgae across varying pH gradients.

Our results revealed the predominance of the
newly described species 7. barrenoae sp. nov. in areas
characterized by high humidity levels and relatively cold
conditions, and physiological analyses corroborated its
preferential growth affinity towards low temperatures.
Additionally, metadata associated with Trebouxia se-
quences deposited in GenBank (Supplementary Table
S4) allowed us to delimit the geographic distribution of
this species, which appears widespread in the northern
Hemisphere, especially in Mediterranean and temper-
ate regions of Eurasia. Furthermore, our climatic niche
analyses among Trebouxia clade S species revealed an
overlapping hypervolume, indicative of shared ecological
preferences among them. It has been previously reported
that Trebouxia lineages within clade S occur in cold regions
characterized by dry climates in the northern Hemisphere
(GARRIDO-BENAVENT et al. 2020, DE CAROLIS et al. 2022,
NELSEN et al. 2021, 2022). Furthermore, KOSECKA et al.
(2022) revealed Trebouxia clade S selection for habitats
located in altitudes above 1943 m a.s.l. Our data supports
this idea as the presence of 7. barrenoae sp. nov. has been
reported in lichens growing above 1200 m a.s.l., at least
in southern Europe. Moreover, light intensity analyses

showed that this species exhibits its optimal growth under
higher PAR intensities (i.e., 50 and 90 PAR) than the
standard 32 PAR for symbiotic microalgae (CASANO et
al. 2010), which appear at higher altitude levels and open
areas (e.g., reduced pollution regions) (SAHU et al. 2019;
GARCIA-RODRIGUEZ et al. 2021; PrRouTsOS et al. 2022).

In conclusion, the description of 7. barrenoae sp.
nov. expands the formally recognized diversity of the
genus Trebouxia to 32 taxonomically described species
and holds deep implications for biodiversity studies
within forest ecosystems, offering a more comprehen-
sive understanding of lichen symbioses. By providing
a refined taxonomic framework, our findings are poised
to enhance communication and facilitate more nuanced
approaches to conservation policies.
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