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A B S T R A C T

Lichens provide valuable systems for studying symbiotic interactions. In lichens, these interactions are fre-
quently described in terms of availability, selectivity and specificity of the mycobionts and photobionts towards
one another. The lichen-forming, green algal genus Trebouxia Puymaly is among the most widespread photo-
biont, associating with a broad range of lichen-forming fungi. To date, 29 species have been described, but
studies consistently indicate that the vast majority of species-level lineages still lack formal description, and new,
previously unrecognized lineages are frequently reported. To reappraise the diversity and the evolutionary re-
lationships of species-level lineages in Trebouxia, we assembled DNA sequence data from over 1600 specimens,
compiled from a range of sequences from previously published studies, axenic algal cultures, and lichens col-
lected from poorly sampled regions. From these samples, we selected representatives of the currently known
genetic diversity in the lichenized Trebouxia and inferred a phylogeny from multi-locus sequence data (ITS, rbcL,
cox2). We demonstrate that the current formally described species woefully underrepresent overall species-level
diversity in this important lichen-forming algal genus. We anticipate that an integrative taxonomic approach,
incorporating morphological and physiological data from axenic cultures with genetic data, will be required to
establish a robust, comprehensive taxonomy for Trebouxia. The data presented here provide an important im-
petus and reference dataset for more reliably characterizing diversity in lichenized algae and in using lichens to
investigate the evolution of symbioses and holobionts.

1. Introduction

Among symbiotic associations, those that incorporate photo-
synthetic partners often coincide with major transformative events in

evolutionary history, such as the photosynthetic-centered symbioses in
the evolutionary lineage that emerged as plants (Moreira et al., 2000)
and associations that led to lichens (Gargas et al., 1995). Algae-asso-
ciated symbiotic interactions continue to reveal crucial insights into
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central processes of symbioses (Zook, 2015) and species diversification,
where interactions often span both evolutionary and ecological time
scales (Peksa and Škaloud, 2011; Rowan and Powers, 1991; Werth and
Sork, 2014). Studying these interactions can lead to reconfiguring in-
sight into diverse patterns of mutualistic associations.

Lichens represent iconic examples of symbiosis (Honegger, 2009)
and are a valuable system for studying mutualistic interactions (Peksa
and Škaloud, 2011; Spribille, 2018). These obligate associations of a
predominant filamentous fungus, the mycobiont, with a population of
unicellular photosynthesizing green alga and/or a cyanobacterium, the
photobiont (i.e. the chlorobiont and the cyanobiont, respectively),
coupled with a suite of other associated algae, bacteria and fungi
(Arnold et al., 2009; Casano et al., 2011; Grube et al., 2009; Moya et al.
2017; Muggia and Grube, 2018; Spribille et al., 2016; Voytsekhovich
and Beck, 2016), were suggested to represent one of the most successful
nutritional strategies among Fungi (Lücking et al., 2016). In contrast to
the high diversity known for the lichen-forming fungi, about 19,000
species (27% of the known Ascomycota; Lücking et al., 2016), only
about 200 species of photobionts, from a limited number of green algal
and cyanobacterial genera, have formally been described (Muggia
et al., 2018; Singh et al., 2017; Tschermak-Woess, 1988; Voytsekhovich
et al., 2011). However, relationships and interactions among lichen
symbionts are often masked by uncertain species boundaries or the
inability to reliably identify symbionts.

Accurate taxonomic characterization of members of symbiotic
guilds in symbioses is essential to properly describe the specificity
patterns of these associations. Relationships among lichen symbionts
are not random, as ecological, environmental and evolutionary factors
influence symbiont associations (Beck et al., 2002; Chagnon et al.,
2019; Grube et al., 2016; Leavitt et al., 2015; Miadlikowska et al.,
2006). These intimate relationships among organisms involved in
symbioses create conditions for strong interactions and have far-ran-
ging implications (Chagnon et al., 2018; Magain et al., 2017; Rikkinen
et al., 2002; Thrall et al., 2007). Interactions among potential lichen
symbionts are frequently described in terms of availability, selectivity

and specificity (Beck et al., 2002; Yahr et al., 2004); each has been
shown to have significant impacts on structuring lichen associations
across evolutionary and ecological scales (Muggia et al., 2014; Steinova
et al., 2019; Werth and Sork, 2014). This is particularly evident when
the diverse reproductive strategies of the lichen holobionts are con-
sidered and results in varying patterns of fungal-algal specificity (Beck
et al., 2019; Cao et al., 2015; Fedrowitz et al., 2011; Pardo De la Hoz
et al., 2018; Rolshausen et al., 2018; Steinova et al., 2019; Wornik and
Grube, 2010). Specificity in symbiotic systems can have an impact on
community-level responses to disturbance and environmental change
(Hester et al., 2016). In coral symbioses, patterns of coral-Symbiodinium
associations are known to influence community stability under climate
change (Fabina et al., 2013). Simulations of loss of coral species or the
ability to engage in new symbiotic interactions have been performed to
measure the community stability. These have shown that potential
symbiotic unions are maximized by the survival of generalist hosts and
symbionts and that compatible symbiotic assemblages increase the
potential for local recolonization of certain niches (Fabina et al., 2013).
Indeed, lichen distributions have also been hypothesized to be influ-
enced by the ecological specialization and the physiological responses
of the photobionts (e.g., Beck et al., 2002; Casano et al., 2011;
Darnajoux et al., 2019; Lu et al., 2018; Magain et al., 2017; Peksa and
Škaloud, 2011; Yahr et al., 2006). The fungal-photobiont specificity,
however, can reflect also the specific habitat preference of a certain
associations. This has been observed in those selectivity patterns de-
scribed as geographic mosaics and detected in cyanolichens, in which
there is higher selectivity locally than globally (Fedrowitz et al., 2011).
Inconsistent and/or taxonomically biased resolution can impair
cross‐network comparisons and inferences of interaction patterns (Ings
et al., 2009; Raffaelli, 2007).

A woefully incomplete understanding of the basic features of li-
chenized algae, including diversity and evolutionary relationships,
currently limits our ability to effectively study these systems in a
broader context. This is often due to the limited availability of lichen
material and the constraints which promote the research on those

Fig. 1. Morphological and anatomical traits of Trebouxia spp. A) Axenic culture of Trebouxia impressa (strain L1652); B) cultured algal cells of Trebouxia cf. arboricola
(strain L1369) in light microscopy mounted in water: coccoid cells with a single central chloroplast; C) mature autospore of cultured T. cf. arboricola (strain L1379),
microphoto in transmission electron microscopy (TEM); D) cultured T. cf. arboricola (strain L1379), mature cell with central, dividing chloroplast and pyrenoid,
microphoto in TEM; E) chloroplast of T. arboricola (strain L1379) in three-dimensional view of a confocal laser scanning microscopy (CLSM) stack; F) pyrenoid of
gigantea-type of cultured Trebouxia sp. (strain L1535), electron-dense spots are pyrenoglobules, short-branched thylakoids are delimiting the white spaces in the
pyrenoid matrix. Scale bars: A) 2 mm, B) 15 μm, C-E) 5 μm, F) 0.5 μm.
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associations represented by the most conspicuous macrolichen lineages.
The lichen-forming photobiont (chlorobiont) genus Trebouxia Puymaly
(Trebouxiophyceae, Chlorophyta) comprises coccoid, unicellular green
algae, reproducing primarily by autospores (Fig. 1 A-C), that occur in
diverse terrestrial ecosystems. The genus is seldom found free living
(Bubrick et al., 1984; Yung et al., 2014) and associates with an esti-
mated 80% of lichen-forming fungi in temperate regions and more than
20% of all lichen-forming fungi worldwide – far more than any other
lichenized algal genus (Rambold et al., 1998). Trebouxia cells contain a
massive, axial, lobed chloroplast with usually one pyrenoid (Fig. 1 D-F;
Archibald, 1975; Friedl, 1989). Differences in chloroplast lobe patterns
and pyrenoid structures, have traditionally been used as diagnostic
phenotypic traits for species differentiation and generic delimitation (as
reviewed in Muggia et al., 2018). The genus Trebouxia is one of the
three major lineages, together with Chlorella and Oocystis, into which
the class Trebouxiophyceae is subdivided by molecular approaches
(Fučíková et al., 2014; Leliaert et al., 2012; Lemieux et al., 2014;
Martínez-Alberola et al., 2019); to date, it comprises 29 formally de-
scribed species (Guiry and Guiry, 2017).

However, studies consistently indicate that the vast majority of
species-level lineages in Trebouxia still lack formal description, and
new, previously unrecognized lineages have been frequently reported
(Leavitt et al., 2015, 2016; Muggia et al., 2014; Sadowska-Deś et al.,
2014). For the vast majority of these species-level lineages, evolu-
tionary relationships, biogeographic and ecological patterns, physiolo-
gical properties, specificity, and selectivity have not yet been char-
acterized. Although ongoing interest in understanding diversity and
diversification in Trebouxia has resulted in an improved perspective
into evolutionary relationships and diversity (Dal Grande et al., 2014;
Helms, 2003; Muggia et al., 2014, 2018; Sadowska-Deś et al., 2014;
Voytsekhovich and Beck, 2016), a comprehensive genus-wide multi-
locus phylogeny has not been presented yet for this important group of
symbiotic algae. Here, we provide a genus-wide, multi-locus phyloge-
netic hypothesis for Trebouxia. We assembled the most comprehensive
taxon sampling including representatives of formally described species
while identifying new monophyletic lineages that potentially merit
formal species recognition.

2. Materials and methods

2.1. Taxon sampling

We assembled a representative sampling of the currently known
genetic diversity in the lichenized green algal genus Trebouxia. Data
were compiled from a range of sequences from previously published
studies, axenic algal cultures, and lichens collected from a poorly
sampled region in East Africa. Sequence data were compiled from
previous studies or newly generated for up to three genetic markers: the
nuclear ribosomal internal transcribed spacer region (ITS), a fragment
of the chloroplast gene for the large subunit of the ribulose-bispho-
sphate carboxylase (rbcL), and a fragment of the mitochondrial cyto-
chrome oxidase subunit 2 (cox2) gene. Data from previously published
studies included: (i) up to five individuals representing each of the
putative 67 species-level lineages circumscribed in Leavitt et al. (2015);
(ii) ITS and cox2 sequences from Trebouxia associating with the my-
cobiont genus Bryoria (Parmeliaceae; Lindgren et al., 2014); (iii) ITS
and rbcL sequences from Trebouxia associating with members of Tel-
oschistaceae (Nyati et al., 2014); (iv) ITS, cox2, and rbcL sequences
from Trebouxia associating with the mycobiont taxon Umbilicaria pus-
tulata (Umbilicariaceae; Sadowska-Deś et al., 2014); (v) ITS and rbcL
sequences from Trebouxia associating with the mycobiont genus Te-
phromela (Mycoblastaceae; Muggia et al., 2014); (vi) ITS sequences
from Trebouxia associating with soil-crust forming lichens (Ruprecht
et al., 2014); (vii) twenty-six ITS sequences generated from UTEX
(http://www.utex.org) and SAG (http://www.uni-goettingen.de/en/
184982.html) cultures, representing 20 of the 29 currently described

Trebouxia species; and (viii) ITS sequences representing three recently
described species, T. cretacea Voytsekhovich & Beck, T. solaris Voytse-
khovich & Beck, and T. vagua Voytsekhovich & Beck (Voytsekhovich
and Beck, 2016). New Trebouxia sequences were generated from 144
lichen specimens representing the family Parmeliaceae collected in East
Africa (Supplementary Table S1).

2.2. DNA extraction, amplification and sequencing

For all new sequences generated for this study, total genomic DNA
was extracted from a small piece of thallus material free from visible
damage or contamination by symptomatic fungi or superficial algae
using the USB PrepEase Genomic DNA Isolation Kit (USB, Cleveland,
OH – product discontinued) following the manufacturer’s re-
commendations. Alternatively, DNA was extracted from axenic
Trebouxia cultures following the C-TAB protocol of Cubero et al. (1999).
In this case the algal colonies were taken from the culture with a sterile
inoculating loop and placed in a 1.5 ml tube, frozen and grinded with
beads for three minutes using a bead-beater. We attempted to generate
multi-locus sequence data from up to five individuals representing each
candidate Trebouxia species (see section 2.4), although we used the
maximum number of samples available in cases where candidate spe-
cies were comprised of fewer than five individuals. The primers ITS1T
and ITS4T (Kroken and Taylor, 2000) were used to amplify the algal ITS
region (ITS1, 5.8S, ITS2); the rbcL was amplified using primers
rbcL151f and rbcL986R (Nelsen et al., 2011); and primers COXIIf2 and
COXIIr to amplify the cox2 locus (Lindgren et al., 2014). Ready-To-Go
PCR Beads (GE Healthcare) were used for all polymerase chain reac-
tions (PCR), following the manufacturer’s recommendations. PCR cy-
cling parameters followed a 66–56 °C touchdown cycle described in
Lindblom and Ekman (2006). All products were cleaned using ExoSAP-
IT (USB, Cleveland, Ohio, USA) following the manufacturer’s instruc-
tions, and complementary strands were sequenced from cleaned PCR
products with the same primers used for amplification. Sequencing
reactions were performed using BigDye v3.1 (Applied Biosystems,
Foster City, CA, USA), and products were then run on an ABI 3730
automated sequencer (Applied Biosystems) at the Pritzker Laboratory
for Molecular Systematics and Evolution at the Field Museum, Chicago,
IL, USA. New sequences were assembled and edited using Sequencher
v4.10 (Gene Codes Corporation, Ann Arbor, MI), and sequences with
more than two ambiguous nucleotides were excluded.

2.3. Sequence data analyses

An initial multiple sequence alignment (MSA) for all Trebouxia ITS
data assembled for this study was performed using the program MAFFT
v7 (Katoh et al., 2005; Katoh and Toh, 2008). We implemented the FFT-
NS-i alignment algorithm and ‘200PAM / K = 2′ scoring matrix, with
an offset value of 0.0, unalignlevel = 0.4 using the ‘Leave gappy re-
gions’ setting, and the remaining parameters set at default values. Based
on the results of the initial alignment and exploratory phylogenetic
reconstructions, sequences were divided into four groups corresponding
to the four major Trebouxia clades – clade ‘A’, clade ‘C’ (previously
provisionally called clade ‘G’; Leavitt et al., 2015), clade ‘I’ and clade
‘S’. Clade-specific MSAs of ITS sequences were performed in MAFFT
using the G-INS-I alignment algorithm. The overall quality of the ITS
sub-alignments was assessed using the Guidance2 web server (http://
guidance.tau.ac.il/ver2/), and an overall reliability score was calcu-
lated for each ITS MSA (Sela et al., 2015). GUIDANCE2 alignments were
performed using the MAFFT MSA algorithm with ‘localpair’ pairwise
alignment strategy and ‘Max-Iterate’ set to 100 bootstrap replicates.
Two separate MSAs were generated using GUIDANCE2: one masking
residues with confidence scores < 0.95 and the second masking col-
umns with confidence scores < 0.95. Multiple sequence alignments of
the protein-coding cox2 and rbcL sequences were relatively straight-
forward, and both regions were aligned in MAFFT using the G-INS-I
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alignment algorithm. All alignments were deposited in FigShare
(https://doi.org/10.6084/m9.figshare.12049086).

2.4. Assigning sequences to candidate species

We used the Automatic Barcode Gap Discovery method (ABGD;
Puillandre et al., 2012) and a Bayesian implementation of the coales-
cent-based General Mixed Yule Coalescent (bGMYC; Reid and Carstens,
2012) to infer candidate species from the ITS sequence alignments (see
Leavitt et al., 2015). ABGD infers a model-based confidence limit for
intraspecific divergence, and then detects the barcode gap as a first
significant gap beyond this limit to infer primary partitions. The pri-
mary data partitions are then recursively split to get finer partitions
using the same approach until no further gaps can be detected
(Puillandre et al., 2012). We used the ABGD web server (http://
wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html) and ABGD ana-
lyses were independently performed for each MSA of the four main
Trebouxia clades (Table 1). Genetic distances were calculated for each
subclade ITS alignment using the JC69 model, and other model para-
meters in ABGD were set using default parameter values, with the ex-
ception of the Pmax value: Pmin = 0.001, Pmax = 0.01, steps = 100, and
Nb bins = 100. Puillandre et al. (2012) suggested that implementing a
Pmax value of 0.01 provides the most accurate estimate for the number
of groups based on empirical comparisons of groupings inferred using
ABGD with data from previous studies where species groups are
well‐characterized. We implemented a range of values for the gap width
(X), beginning with X = 1.5 and decreasing at 0.1 intervals until the
first shift from one group to multiple groups was observed. Additional
ABGD analyses implementing X values between 0.1 and 1.5 were run to
assess the consistency of the inferred groups under varying gap width
values. ABGD analyses were run for the complete ITS alignment gen-
erated using MAFFT and for GUIDANCE alignments after removing
residues and columns below 0.95 to compare impact of different
alignment strategies. Names for previously recognized candidates spe-
cies followed Leavitt et al. (2015), and new candidate species-level
OTUs circumscribed using ABGD were provisionally named following
the same criterion, e.g., annotated with a clade-specific prefix and
followed by the next available number. Provisional names were re-
placed by formal taxonomic nomenclature in cases where ABGD-de-
limited OTUs included sequences representing SAG or UTEX cultures or
ITS sequences representing the three species T. solaris, T. vagua and T.
cretacea (Voytsekhovich and Beck, 2016).

For the bGMYC analyses, ultrametric ITS gene trees were estimated
from each ITS matrix representing clade ‘A’, ‘C’, ‘I’ and ‘S’, in-
dependently, using the program BEAST v1.8.0 (Drummond et al., 2012;
Drummond and Rambaut, 2007). We ran two independent Markov
Chain Monte Carlo (MCMC) chains for 25 million generations, im-
plementing a relaxed lognormal clock and a constant coalescent spe-
ciation process prior. Default values were used for the remaining priors.
Chain mixing and convergence were evaluated in Tracer v1.5 (Rambaut
and Drummond, 2003), considering effective sample size (ESS) va-
lues greater than 200 as a good indicator; and the first 5 million gen-
erations were discarded as burn-in. As input for the bGMYC analysis, a
total of 100 trees were evenly sampled from the throughput of the
posterior distribution of trees (50 trees from each independent run).
The starting number of species was set to half the total number of tips,

and the remaining settings were left at their default values. The bGMYC
package was run in R v3.0.2 (R Core Team, 2014) for 50,000 genera-
tions, sampling every 200th generation, and discarding the first 40,000
trees as burn-in.

2.5. Phylogenetic reconstructions

Phylogenetic relationships were inferred from concatenated multi-
locus sequence data for each of the four Trebouxia subclades and for a
reduced data matrix representing the entire genus. A total of 870 spe-
cimens representing the range of genetic variation observed in the ex-
ploratory ITS phylogeny, including those represented by additional loci,
were selected for phylogenetic analyses. Specimens were selected to
minimize the amount of missing data in the final, reduced dataset.
Clades ‘A’ and ‘S’ were comprised of specimens represented by up to
three loci, ITS, rbcL and cox2. However, we were not able to con-
sistently amplify the cox2 locus for clades ‘C’ and ‘I’, and the few suc-
cessfully amplified sequences were often recovered with spurious re-
lationships in exploratory analyses. Therefore, clades ‘C’ and ‘I’ were
represented only by the ITS and rbcL markers. To minimize bias from
ambiguously aligned regions of the ITS MSA, we used the GUIDANCE2
alignment excluding columns with GUIDANCE2 scores < 95%, which
was concatenated with the rbcL, and cox2 MSAs (Table 2). We used the
program RAxML v8.1.11 (Stamatakis, 2006; Stamatakis et al., 2008) to
reconstruct maximum likelihood (ML) phylogenies from the four clade-
specific alignments and a reduced genus-wide dataset (n = 399). Sub-
alignments of the ITS region from each of the four Trebouxia clades
were combined using the ‘merge’ feature in MAFFT using the E-INS-I
algorithm. We used the GTRGAMMA model, which includes a para-
meter (Γ) for rate heterogeneity among sites and chose not to include a
parameter for estimating the proportion of invariable sites following
the authors’ recommendation, when the datasets were partitioned by
locus. For each data matrix, a search combining 200 separate ML
searches was conducted to find the optimal tree, and 1000 ‘fast boot-
strap’ replicates were performed to evaluate nodal support. The con-
catenated ITS, cox2, and rbcL dataset was partitioned by marker, and
substitution models for each were selected using jModelTest v2.1.1
(Darriba et al., 2012) using the Corrected Akaike Information Criterion
(AICc) (Sugiura, 2007)

Table 1
MAFFT alignment/residues removed (95%)/columns removed (95%) ABGD gap width (X) in parentheses (‘ABGD_final_03June2019 data).

Algal clade No. of sequences Total No. of candidate species New

‘clade A’ – arboricola/gigantea group 416 50(0.9)/48(0.9)/49(0.8) 15
‘clade C’ – corticola/galapagensis/usneae group 110 30(1.2)/29(0.9)/30(1.2) 20
‘clade I’ – impressa/gelatinosa group 146 14(0.5)/14(0.4)/13(0.5) 3
‘clade S’ – simplex/letharii/jamesii group 194 17(1.1)/22(0.3)/17(1.0) 14

Table 2
Summary of data remaining after GUIDANCE2 removal of ambiguous or diffi-
cult to align regions of the ITS multiple sequence data. Summaries based on
confidence score for each residue-pair in the base MSA (residues) and for each
column in the base MSA (columns). The overall GUIDANCE2 score reflects the
robustness of the alignment to perturbations.

Residues ≥ 0.95
remaining

Columns ≥ 0.95
remaining

GUIDANCE2
score

Clade A 96.6% 89.0% 0.988612
Clade C 95.4% 92.7 0.989769
Clade I 94.1% 93.2% 0.987630
Clade S 98.6% 97.4 0.995738
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3. Results and discussion

3.1. Species recognition

In the present study, between 109 and 113 candidate species dis-
tributed across the four main Trebouxia lineages were circumscribed

using the ABGD approach (Table 1). The candidate species inferred
using ABGD were largely consistent with those inferred by using
bGMYC (Figs. 2–5) and consistent between MAFFT- and GUIDA-
NCE-based alignments of the ITS sequence data (Table 1). The species-
level diversity inferred here represents an approximate four-fold in-
crease from the formally described species within Trebouxia. The

‘A44’
‘A43’
‘A19’
‘A39’ -
‘A03’ - T. jamesi UTEX 2233 (‘TR1’)

‘A29’*
‘A45’
‘A17’

‘A05’

‘A02’

‘A08’
‘A47’

‘A36’

‘A09’  (BMP-4)
‘A49’

‘A06’ -T. incrustata UTEX 784
‘A22’
‘A16’

‘A07’
‘A26’
‘A30’
‘A32’

‘A38’

‘A15’ - T. gigantea UTEX 2231 
‘A21’
‘A28’
‘A42’
‘A34’

‘A18’
‘A23’ - T. showmanii UTEX 2234
‘A14’
‘A20’*
‘A11’ - T. asymmetrica UTEX 250

‘A12’
‘A27’
‘A25’

‘A01’/‘A31’ - T. cretacea 

‘A10’ - T. vagua
‘A41’

‘A04’ - T. vagua
‘A04’

‘A33’ - T. decolorans UTEX B781 
‘A40’

‘A48’
‘A46’
‘A35’ - T. solaris
‘A37’
‘A50’
‘A51’
‘A24’
‘A13’ 

T. aggregata UTEX 180
T. arboricola SAG 219
T. crenulata

‘TR9’

Fig. 2. Multi-locus phylogenetic inference of Trebouxia spp. belonging to clade ‘A’ – arboricola/gigantea. Bootstrap (BS) values ≥ 85% are indicated with thickened
red branches; BS values ≥ 70 and < 85% with thickened orange branches; BS values ≥ 60% and < 70% with thickened yellow branches; and BS values < 60%
with black branches. Candidate species recognized by the Automatic Barcode Gap Discovery method (ABGD) are highlighted at terminals. Corresponding results of
bGMYC species delimitation, with the color scale is the probability scale of conspecificity (yellow = 0.95 to 1; orange = 0.5 to < 0.95; red =<0.5), are presented
to the right of the topology. Provisional names ‘TR1′ (OTU ‘A03′) and ‘TR9′ (OTU ‘A39′) follow del Campo et al. (2010). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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absence of a formal, phylogeny-based taxonomy for the bulk of Tre-
bouxia isolates and sequences has resulted in the application of provi-
sional names. These names are associated with varying levels of phy-
logenetic diversity, and have been inconsistently applied across studies,
thereby limiting the comparison, synthesis and effective communica-
tion in the scientific community (Muggia et al., 2018). Given the overall
prominence of Trebouxia-associated lichens, this ‘classification gap’ is
particularly problematic and limits our understanding of species in-
teractions in lichen symbioses.

The detected classification gap is further exacerbated by the sub-
stantial lack of culture isolates for the majority of the detected species-
level lineage. The analysis of morpho-anatomical traits in axenically
cultured photobionts is in fact key for a complete reliable definition of
species. This drawback has been overcome in the sister genus to
Trebouxia, Asterochloris, for which species delimitation and formal

taxonomy has been appropriately integrated using genetic, ecological
and morphological analyses of environmental samples, and morpho-
anatomical analyses of reference cultured strains (Škaloud et al., 2015).
The study on Asterochloris also demonstrated that a clear phylogenetic
characterization is essential for the correct estimation of species di-
versity as morphologically and ecologically diverse species can fre-
quently be grouped into a single taxonomic unit (Škaloud et al., 2015).

A recently proposed provisional naming system for Trebouxia has
improved effective communication and consistency among subsequent
studies (Leavitt et al., 2015; Moya et al., 2017), and has been applied
here across the entire genus. However, species-level lineages circum-
scribed within an integrative framework, additionally complemented
with corresponding algal cultures, will increase our ability to in-
vestigate and explain patterns of symbiotic interactions in lichens.
Previous research with Trebouxia highlighted the importance of
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Fig. 3. Multi-locus phylogenetic inference of Trebouxia spp. belonging to clade ‘C’ – galapagensis/usneae. Bootstrap (BS) values ≥ 85% are indicated with thickened
red branches; BS values ≥ 70 and < 85% with thickened orange branches; BS values ≥ 60% and < 70% with thickened yellow branches; and BS values < 60%
with black branches. Candidate species recognized by the Automatic Barcode Gap Discovery method (ABGD) are highlighted at terminals. Corresponding results of
bGMYC species delimitation, with the color scale is the probability scale of conspecificity (yellow = 0.95 to 1; orange = 0.5 to < 0.95; red =<0.5), are presented
to the right of the topology. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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recognizing species-level diversity to understand interactions among
lichen symbionts and their evolutionary relationships, and the ecolo-
gical and biogeographic factors which trigger the establishment of
certain, specific fungal-algal associations (Chen et al., 2016; Dal Grande
et al., 2012, 2014; Leavitt et al., 2015, 2016; Nelsen and Gargas, 2009;
Piercey-Normore and DePriest, 2001; Werth and Sork, 2014).

3.2. Species diversity of Trebouxia

Our multi-locus phylogenetic reconstructions recovered four major
clades within Trebouxia (Fig. 6; Supplementary Fig. S1), which are
named after the species characterized by certain major morphoanato-
mical differences of the chloroplast and the pyrenoid type, i.e. clade ‘A’
arboricola/gigantea-type, clade ‘C’ corticola-type, clade ‘I’ impressa/ge-
latinosa-type and clade ‘S’ simplex/jamesii-type. Clade ‘C’, the ‘corticola-
type’ clade, was formerly and provisionally recognized as clade ‘G’, the
‘galapagensis/usneae’ clade (Helms, 2003; Leavitt et al., 2015); however,
it is here recognized as clade ‘C’, to better reflect the corticola-type
pyrenoid common among its members (Beck, 2002; Friedl, 1989).
These major clades correspond to previously recognized clades re-
covered using the ITS data alone (e.g. Cordeiro et al., 2005; Helms,
2003; Leavitt et al., 2015; Molins et al., 2018; Muggia et al., 2014; Nyati
et al., 2014; Pérez-Ortega et al., 2012; Voytsekhovich and Beck, 2016;).
Here, clade ‘A’ comprises about 50 species-level lineages, in contrast to
clade ‘I’ in which only 14 lineages are present.

Clade ‘A’ encompasses the majority of previously recognized

Trebouxia species and includes most axenically isolated taxa char-
acterized for their physiological traits (as revised by Muggia et al.,
2018). Alternatively, the highest proportion of previously unrecognized
species-level diversity was identified within the clade ‘C’ corticola-type,
in which our sampling of Parmeliaceae-associated Trebouxia in East
Africa resulted in 22 to 23 previously unsampled species-level clades.
This confirms that there is a high level of the still unknown, potentially
high genetic diversity of Trebouxia in geographic regions which are so
far poorly studied.

While previous studies support the combination of the ITS, rbcL, and
cox2 loci for phylogenetic reconstructions in Trebouxia (Lindgren et al.,
2014; Sadowska-Deś et al., 2014), multi-locus sequence data generated
from total genetic DNA from lichen thalli has limitations. Indeed,
multiple Trebouxia species have been reported in individual thalli of
several lichen species (Casano et al., 2011; Del Campo et al., 2010,
2012; Dal Grande et al., 2018; Muggia et al., 2014). This problem might
be mitigated by the fact that Sanger sequencing consistently yields the
most abundant algal sequence in lichen thalli, especially when the in-
trathalline diversity is skewed towards the predominant photobiont
(Paul et al., 2018). Intrathalline algal diversity has been correlated with
the different physiological properties tested for in in vitro culture con-
ditions (Casano et al., 2011). However, it is unclear whether this might
be correlated with the lichen growth form, which could potentially
influence the capacity of the mycobiont to acquire different photobionts
during thallus establishment and later to retain different photobionts in
certain parts of the thallus or during certain periods of its life. Moya
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Fig. 4. Multi-locus phylogenetic inference of Trebouxia spp. belonging to clade ‘I’ – impressa/gelatinosa Bootstrap (BS) values ≥ 85% are indicated with thickened red
branches; BS values ≥ 70 and < 85% with thickened orange branches; BS values ≥ 60% and < 70% with thickened yellow branches; and BS values < 60% with
black branches. Candidate species recognized by the Automatic Barcode Gap Discovery method (ABGD) are highlighted at terminals. Corresponding results of
bGMYC species delimitation, with the color scale is the probability scale of conspecificity (yellow = 0.95 to 1; orange = 0.5 to < 0.95; red =<0.5), are presented
to the right of the topology. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al. (2017) showed evidence for algal zonation in the branching
thallus of the lichen Ramalina farinacea, although more data is required
to validate this trend.

Issues related to the utility of ITS region as a DNA barcode and
central molecular marker for species delimitation may also bias our
perspective of diversity in Trebouxia. Intragenomic variability of the ITS
region has been reported for Trebouxia photobionts (Muggia et al.,
2014). The potential for various copies of the ITS within a genome may
also hamper an accurate assessment of the major photobiont in lichens.
Furthermore, ambiguities in alignments of highly variable regions are
reflected in the inferred topology of the phylogeny and may limit re-
liable species delimitation using a phylogenetic species criterion. The
approach used here does delimit potential species based on their ge-
netic diversity but at the same time stresses the importance to integrate
these data with morphological, physiological and metabolic ones.

Indeed, strains of Trebouxia might be genetically identical but show
rather different ecophysiological responses, as was demonstrated for
two strain isolated form Antarctic lichens under desiccation stress
(Sadowsky et al., 2016). Thus, intraspectific variation in ecologically
relevant traits may lead to an underestimation of Trebouxia functional
diversity using ITS-based taxonomy alone.

In many cases, primer biases or availability of resources have not
allowed the sequencing of multiple loci for the same lichen individual,
and this has led to the disproportionate amount of sequences available
for the ITS locus compared with rbcL, cox2 and actin type I genes.
Consequently, multigene phylogenies for the entire genus Trebouxia are
lacking. Multigene phylogenetic studies have treated only subsets of
Trebouxia species or have investigated the population structure of single
Trebouxia species, reported for a few lichens (Català et al., 2016; Chen
et al., 2016; Kroken and Taylor, 2000; Nyati et al., 2014; Werth and
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Fig. 5. Multi-locus phylogenetic inference
of Trebouxia spp. Belonging to clade ‘S’ –
simplex/’letharii’/jamesii. Bootstrap (BS) va-
lues ≥ 85% are indicated with thickened
red branches; BS values ≥ 70 and < 85%
with thickened orange branches; BS va-
lues ≥ 60% and < 70% with thickened
yellow branches; and BS values < 60%
with black branches. Candidate species re-
cognized by the Automatic Barcode Gap
Discovery method (ABGD) are highlighted
at terminals. Corresponding results of
bGMYC species delimitation, with the color
scale is the probability scale of con-
specificity (yellow = 0.95 to 1; or-
ange = 0.5 to < 0.95; red =<0.5), are
presented to the right of the topology. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)
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Sork, 2010, 2014). This is exemplified by clades ‘C’ and ‘I’ which totally
lack cox2 sequences despite multiple sequencing attempts. Notwith-
standing these missing data, the Trebouxia phylogeny reported here
(Fig. 6; Supplementary Fig. S1) and the detailed clade-specific phylo-
genies (Figs. 2–5) are proposed as background references for future
studies aiming at resolving the phylogenetic positions of newly dis-
covered lineages within this genus.

Phylogenomic data generated from pure algal cultures, rather than
total DNA extract from intact lichen thalli, will be essential to re-
construct robust phylogenies with confidence (thereby avoiding am-
plification of co-existing algae). At the same time, axenic algal cultures
will provide a crucial resource for investigating morphological, devel-
opmental, and physiological properties of species-level lineages.
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Fig. 6. Simplified multi-locus phylogenetic inference of the lichen-forming algal genus Trebouxia based on the combined ITS, cox2 and rbcL datasets (n = 399). The
four major lineages, clades ‘A’, ‘C’, ‘S’, & ‘I’, are outlined. Bootstrap (BS) values ≥ 85% are indicated with thickened red branches; BS values ≥ 70 and < 85% with
thickened orange branches; BS values ≥ 60% and < 70% with thickened yellow branches; BS values ≥ 50% and < 60% with thickened black branches; and
BS < 50% with grey branches. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

Despite the vital significance of algae associated in symbioses, dis-
entangling the specific processes structuring interactions among sym-
bionts is presently limited due to an incomplete perspective of diversity,
inability to accurately identify microbial partners, and limited human
resources. Elucidating and identifying species involved in symbiotic
interactions is crucial to understanding highly integrated associations
which can be major factors determining ecological and evolutionary
dynamics (Darwell et al., 2014). Mounting evidence indicates that these
interactions are much more complex and malleable than simple co-di-
versification hypotheses in lichen symbioses in spite of the obligate
associations of the major fungal and algal symbionts (e.g., Chagnon
et al., 2019; Nelsen and Gargas, 2008; Singh et al., 2017).

Here, the genus-wide phylogeny and individual-clade topologies for
Trebouxia highlight the current state of understanding of this important
symbiotic algal genus, while revealing high levels of previously hidden
diversity. We believe that robust hypotheses of evolutionary relation-
ships are central for a more complete characterization of diversification
and species boundaries in Trebouxia, in particular within the dynamics
of lichen symbioses. The phylogenetic hypothesis reported here will
stimulate the development of an integrative taxonomy for this genus,
while providing an evolutionary, reference framework for future studies
to investigate photobiont diversity and diversification dynamics in
symbiotic algae, among other research avenues. We anticipate that
integrative approaches to understanding symbiotic species evolution in
lichens will serve as reference accessions for microbial ecologists, while
continuing to generate interest in utilizing these organisms as models
and systems for the study of symbiotic interactions.
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