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Abstract

Premise: Southern Africa is a biodiversity hotspot rich in endemic plants and
lichen-forming fungi. However, species-level data about lichen photobionts in this
region are minimal. We focused on Trebouxia (Chlorophyta), the most common
lichen photobiont, to understand how southern African species fit into the global
biodiversity of this genus and are distributed across biomes and mycobiont
partners.

Methods: We sequenced Trebouxia nuclear ribosomal ITS and rbcL of 139 lichen
thalli from diverse biomes in South Africa and Namibia. Global Trebouxia phylog-
enies incorporating these new data were inferred with a maximum likelihood
approach. Trebouxia biodiversity, biogeography, and mycobiont-photobiont asso-
ciations were assessed in phylogenetic and ecological network frameworks.

Results: An estimated 43 putative Trebouxia species were found across the region,
including seven potentially endemic species. Only five clades represent formally
described species: T. arboricola s.1. (A13), T. cf. cretacea (A01), T. incrustata (A06),
T. lynniae (A39), and T. maresiae (A46). Potential endemic species were not
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LICHENIZED TREBOUXIA IN SOUTHERN AFRICA
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Southern Africa, in particular the Greater Cape Floristic
Region (GCFR), is a biodiversity hotspot of land plants
(Goldblatt, 1978; Maggs et al., 1998; Simmons et al., 1998;
Verboom et al, 2009; Schnitzler et al, 2011; Cowling
et al., 2017; Clark et al., 2022), with endemic vascular plants
making up approximately 68% of ca. 8900 plant species in the
fynbos-dominated Cape Floristic Region and approximately
40% of ca. 4850 species in the succulent karoo biome (Hilton-
Taylor, 1996; Born et al., 2007). Southern Africa also hosts
endemic lichen-forming fungi, particularly but not exclusively
in the genus Xanthoparmelia (Vain.) Hale (Parmeliaceae) and
family Teloschistaceae Zahlbr. (Almborn, 1988, 1989;
Hale 1989, 1990; Matzer et al, 1997; Crous et al, 2006;
Eichenberger et al., 2007; Leavitt et al., 2018; Medeiros and
Lutzoni, 2022). The overall number and proportion of en-
demic lichens is difficult to quantify because many important
genera lack modern taxonomic revisions (Fryday, 2015), but
endemism may be as high as 52% for terricolous lichen spe-
cies in the Knersvlakte area of the succulent karoo (Zedda and
Rambold, 2009). The region's most distinctive lichen com-
munity occurs in the central Namib Desert, where lichens,
almost all of them regional endemics, are the dominant veg-
etation (Schieferstein and Loris, 1992; Wirth, 2010).

Lichen photobionts in southern Africa may or may not
show patterns of distribution, biodiversity, and endemism
that parallel their fungal partners or plant relatives.
Low endemism would be a reasonable expectation given
that a single green algal or cyanobacterial photobiont
species can occur in geographically distant but ecologically
similar environments (Lutsak et al., 2016; Magain
et al, 2018; Garrido-Benavent et al, 2020; Muggia
et al., 2020; Rolshausen et al., 2020; Medeiros et al., 2021).
Algal lineages initially thought to be geographically
restricted are often found across a broader range with ex-
panded sampling (Rys$anek et al., 2015). Even in Antarctica,
a region often cited as a rare example of high microbial
endemism (De Wever et al., 2009; Pessi et al., 2018; Cox
et al., 2019), Trebouxia S21 is the sole species considered
unique to that continent, while nine other species of Tre-
bouxia Puymaly (Trebouxiaceae) have been recorded from
both Antarctic and non-Antarctic sites (often northern
hemisphere sites; Muggia et al., 2020). Under this

significantly associated with the Greater Cape Floristic Region or desert. Trebouxia
species occurred frequently across multiple biomes. Annual precipitation, but not
precipitation seasonality, was significant in explaining variation in Trebouxia
communities. Consistent with other studies of lichen photobionts, the Treboux-
ia-mycobiont network had an anti-nested structure.

Conclusions: Depending on the metric used, ca. 20-30% of global Trebouxia
biodiversity occurs in southern Africa, including many species yet to be described.
With a classification scheme for Trebouxia now well established, tree-based ap-
proaches are preferable over “barcode gap” methods for delimiting new species.

desert, fynbos, green algae, Mediterranean biome, microbial biogeography, succulent karoo, symbiosis,
systematics, Trebouxiaceae, Trebouxiophyceae

“everything is everywhere” scenario (Baas Becking, 1934),
we would expect lichen photobiont species in southern
Africa to also occur in comparable habitats elsewhere in the
world. Such distributions would need to be maintained by
ongoing dispersal between continents, e.g., through trans-
portation by wind (Cémara et al., 2023).

On the other hand, surveys of lichen photobionts in
previously unstudied regions regularly recover novel puta-
tive species (Leavitt et al., 2015; Singh et al., 2017; Muggia
et al.,, 2020; Medeiros et al., 2021; De Carolis et al., 2022;
Kosecka et al., 2022). Lichen photobionts vary in their cli-
mate and microhabitat niches (Werth and Sork, 2010; Peksa
and Skaloud, 2011; Dal Grande et al, 2018; Rolshausen
et al, 2018, 2020; Medeiros et al., 2021; Vancurova
et al, 2018, 2021; Peksa et al., 2022). Accordingly, the
diverse climatic and edaphic conditions in southern Africa,
especially in the GCFR (van der Niet and Johnson, 2009),
could facilitate high p-diversity and the evolution of locally
adapted, endemic species. Moreover, arid conditions across
much of southern Africa might contribute to a distinctive
regional photobiont pool. Deserts are known to host
endemic terrestrial algae (Lewis and Lewis, 2005; Flechtner
et al, 2013; Fucikova et al., 2014); for example, some li-
chenized Trebouxia species (e.g., Trebouxia A18 and A21)
have only been reported from deserts of the western United
States (Leavitt et al., 2015; Muggia et al., 2020).

Broad (ie., genus-level) patterns in the structure of
photobiont communities can often be inferred from myco-
biont identity alone (Wolseley, 1997; Marini et al., 2011; Koch
et al,, 2023). However, molecular data are required to identify
species of cyanobacterial and unicellular algal photobionts
associated with lichen-forming fungi (O'Brien et al.,, 2013;
Skaloud et al., 2015; Malavasi et al., 2016; Magain et al., 2017;
Muggia et al., 2020). The paucity of DNA sequence data from
southern Africa (Appendix S1), beyond being a problem for
algal systematics, presents an impediment to lichen ecology
and biogeography in the region. Without sufficient molecular
data and a corresponding species-level understanding of
lichen photobiont biodiversity, we do not know the extent
of endemism in the southern African photobiont biota,
the distribution of photobiont species across biomes, or the
structure of mycobiont-photobiont interaction networks. All
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of these are important for developing a science of lichen
biology that treats the photobiont as an equally important
object of study to the historically prioritized mycobiont.
Network analyses in particular provide a bridge between
descriptive studies and an understanding of the evolutionary
and ecological mechanisms that shape the lichen symbiosis
(Chagnon et al.,, 2018).

This paper is a first attempt to study the biodiversity,
biogeography, and ecological interactions of lichenized
Trebouxia in South Africa and Namibia. Trebouxia—the
most common photobiont genus in lichens (Miadlikowska
et al., 2006; Muggia et al, 2018; Sanders and
Masumoto, 2021)—has been recognized for a century
(Puymaly, 1924), but a modern understanding of Trebouxia
systematics began with the discovery that the genus com-
prises several major clades (Appendix S2) that vary in their
geographical distribution and ecological preferences
(Helms, 2003; Nelsen et al., 2021). At a finer taxonomic
scale, Trebouxia species were historically described based on
pyrenoid and chloroplast morphology of cultured isolates
(Friedl, 1989). While morphology continues to be an es-
sential part of formal species descriptions (Beck, 2002;
Skaloud et al., 2018; Barreno et al., 2022; Garrido-Benavent
et al., 2022), known genetic variation exceeds observed
morphological variation, and most sequence data are from
uncultured specimens, i.e., lichen thalli (Muggia et al., 2020;
Bordenave et al., 2022). In response, the Trebouxia research
community has established a classification scheme in which
putative species are delimited based on the internal tran-
scribed spacer (nrITS; Appendix S2) and given provisional
names (Leavitt et al., 2015; Muggia et al., 2020).

Using Trebouxia nrITS and rbcL sequence data from
diverse lichen mycobionts and biomes, we first placed
southern African Trebouxia in a global phylogenetic con-
text, allowing us to document the regional biodiversity
of the genus and reassess our understanding of Trebouxia
systematics worldwide. With complementary species
delimitations based on phylogenetic and OTU clustering
approaches, we then explored how Trebouxia biodiversity is
distributed across the biomes of southern Africa and assess
the biogeography of putative regional endemics. Finally, we
investigated the mycobiont-photobiont interaction network
to evaluate specificity and generalism and determine
whether interaction patterns known largely from northern
hemisphere studies hold true in southern Africa.

MATERIALS AND METHODS
Sampling and DNA sequencing

Lichens were collected in June-July 2019 from 14 sites
across South Africa and Namibia in the desert, forest,
fynbos, grassland, savanna, and succulent karoo biomes
(Mucina and Rutherford, 2006). The sampling was focused
on obtaining diverse mycobionts from a wide range
of habitats (Figures 1, 2; Appendix S3). Recent lichen

collections from Borneo (June 2018) and Chile (June 2017)
were also included to provide additional data on tropical
and southern hemisphere Trebouxia. Specimens were
stored under standard herbarium conditions before DNA
extraction.

For most macrolichens and some saxicolous crustose
lichens with thick thalli DNA was extracted with a
phenol—chloroform protocol. Approximately 1 cm” of healthy
lichen thallus was frozen with liquid nitrogen and ground with
I mm zirconia/silica beads in a bead beater. The powder
was mixed with 500 pL of 2% w/v SDS-2% w/v PVP lysis
buffer and incubated overnight at room temperature. The
DNA was purified with the addition of 500uL of
phenol-chloroform-isoamyl alcohol (25:24:1) and 5min
centrifugation at 13,500 RCF, followed by 250puL of
chloroform-isoamyl alcohol (24:1) and 5min centrifugation
at 18,000 RCF. DNA was precipitated from the supernatant
with cold isopropyl alcohol and 2 min centrifugation at 18,000
RCEF, followed by 5 min centrifugation in cold 80% v/v ethanol
at 18,000 RCF. After air drying, the DNA was resuspended in
sterile water and 1/10 dilutions were used for PCR.

For most crustose lichens and some macrolichens, we
extracted DNA using a modification of the procedure
described by Hughes et al. (2020). A sterile needle was used
to excise ca. 1 mm” of lichen thallus, which was placed in
20 uL of extraction buffer and incubated at room tempera-
ture for 10-20 min. For samples with a high concentration
of secondary metabolites (i.e., the extraction solution turned
yellow or red), we replaced the solution with fresh extrac-
tion buffer and repeated the incubation. The samples were
then frozen at —20°C for approximately 1h as previously
reported (Medeiros and Lutzoni, 2022), thawed at room
temperature, and incubated at 95°C for 10 min. Finally,
20 uL of 3% w/v BSA was added to each sample. Extracts
were used for PCR without further dilution.

Two loci, nrITS and rbcL, were selected for their
established use in Trebouxia and availability in reference
databases (Appendix S2). Trebouxia nrITS (including ITS1,
5.8S, and ITS2) was amplified with primers ITS1T and
ITS4T (Kroken and Taylor, 2000). The thermal cycling
program consisted of 95°C for 3 min; 35 cycles of 95°C for
40's, 52°C for 40's, and 72°C for 150 s; and a final extension
at 72°C for 10 min. We also amplified rbcL with primers a-
ch-rbcl-203-5'-MPN and a-ch-rbcL-991-3’-MPN (Nelsen
et al., 2011) and thermal cycling conditions of 95°C for
5 min; 40 cycles of 95°C for 1 min, 50°C for 1 min, and 72°C
for 1 min; and a final extension at 72°C for 7 min. For all
samples, we attempted to amplify the mycobiont nrITS
using primers ITSIF (Gardes and Bruns, 1993) and either
ITS4 or LR3 (Vilgalys and Hester, 1990; White et al., 1990)
or the mycobiont mtSSU using primers mrSSU1 and
mrSSU3R (Zoller et al., 1999). PCR conditions were the
same as for photobiont nrITS.

PCR success and amplicon size were verified in a 1%
agarose gel. PCR products were cleaned with exonuclease
I and shrimp alkaline phosphatase (Thermo Fisher,
Waltham, MA, USA), then Sanger-sequenced by Eurofins
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FIGURE 1 Map of study sites. Biomes sampled in this study are shown on the map; other biomes and areas outside South Africa, Namibia, Lesotho
(LES), and Eswatini (SWZ) are in gray. The Greater Cape Floristic Region (GCFR) is approximately equivalent to the extent of the fynbos and succulent

karoo biomes.

Genomics (Louisville, KY, USA). Forward and reverse
sequences were assembled and trimmed in Geneious Prime
(versions 2019.2 through 2023.1 were used during the
project; www.geneious.com). Sequences were compared
against the NCBI nucleotide database using BLAST (Zhang
et al., 2000) to verify that mycobiont molecular and
morphological identifications were consistent and that the
photobiont nrITS and rbcL from a single thallus belonged
to the same major clade within Trebouxia. GenBank
accession numbers for new sequences are included in
Appendix S4. A small number of sequences from other
genera in Trebouxiophyceae Friedl were obtained during
our sampling. These non-Trebouxia sequences were not
used in subsequent analyses but are provided as additional
data on the biodiversity of lichen photobionts in southern
Africa (Appendix S5).

Alignment and phylogeny inference with
curated global data set

We assigned new Trebouxia sequences to major clades
(Appendix S2) with two complementary methods: BLAST
against the NCBI nucleotide database and T-BAS with
RAXML-EPA (Berger et al., 2011) using a GTR +I' substi-
tution model and Trebouxia reference phylogeny (Carbone

et al., 2017, 2019; Medeiros et al., 2021). Once binned into
major clades, new sequences were manually added to pre-
viously curated, clade-level alignments (Medeiros et al.
2021) in Mesquite 3.70 (Maddison and Maddison, 2021).
These alignments were based on the nrITS and rbcL refer-
ence data sets from Muggia et al. (2020) and Xu et al.
(2020). In addition to the data generated in this study,
we added South African Trebouxia sequences already avail-
able in GenBank (Appendix S1) and sequences from putative
Trebouxia species not included in the Medeiros et al. (2021)
data set, i.e., species delimited in overlooked or recent pub-
lications (Buckley et al., 2014; Singh et al., 2017; Ruprecht
et al., 2020; De Carolis et al., 2022; Kosecka et al., 2022). As
done by Medeiros et al. (2021), we excluded putative species
A37 and A49 (Muggia et al., 2020) because the single nrITS
sequence available for each species was missing a large
portion of the ITS2 spacer; preliminary investigation with
BLAST indicated that none of our new sequences were
closely related to these two putative taxa. For outgroups, we
used one specimen from each of the other major clades
(Appendix S2), represented by 5.8S and rbcL; ITS1 and ITS2
were removed from the outgroup taxa to maximize the
number of unambiguously aligned positions. Ambiguously
aligned regions were delimited manually and excluded from
the phylogenetic analyses. Alignment files are available on
Figshare (doi: 10.6084/m9.figshare.c.6661265) and GenBank
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FIGURE 2 Examples of habitats sampled for lichen photobionts. (A) Northern mistbelt forest in Buffelskloof Nature Reserve, South Africa; (B) fynbos
in the Swartberg Nature Reserve, South Africa; (C) fynbos on the Cape peninsula, Table Mountain National Park, South Africa; (D) succulent karoo in
Namaqua National Park, South Africa; (E) coastal desert lichen field in Dorob National Park, Namibia; (F) savanna in Waterberg National Park, Namibia.
See Appendix S3 for site geographic coordinates. Photographs by Ian Medeiros (A, D, F), Jézsef Geml (B, C), and Erik Hom (E).

accession numbers for all samples in the alignments are
provided in Appendices S4 and S6. For the remainder of the
paper, we refer to these curated, clade-level ITS and rbcL
alignments as data set A.

Single-locus trees were inferred from data set A via a
maximum likelihood analysis in IQ-TREE 2.1.2 (Nguyen
et al., 2015; Chernomor et al., 2016) with 1000 ultrafast
bootstrap pseudoreplicates used to calculate bipartition
support (Hoang et al., 2018). We inspected the resulting
trees for well-supported conflicts (295% ultrafast bootstrap).
Comparison of the single-locus trees for clade A revealed
a well-supported conflict between nrITS and rbcL for two
specimens of Trebouxia A29: L1661 and L1739, from
Muggia et al. (2014). In both cases, the nrITS sequences

(KJ754243 and K]J754246) clustered with other specimens
classified as A29, while the rbcL sequences (KR914368 and
KMO091768) clustered with A13. These two samples were
removed from subsequent analyses. In the absence of other
well-supported conflicts, nrITS and rbcL were concatenated.
For each clade, we ran a maximum likelihood analysis on
the concatenated alignment in IQ-TREE, using the -p and -
m MFP + MERGE options to find the optimal partitioning
scheme and substitution models (Kalyaanamoorthy
et al., 2017). The initial partitioning scheme split the nrITS by
region (ITS1, 5.8S, and ITS2) and rbcL by codon position; the
final partitioning schemes and substitution models are pro-
vided in Appendix S7. We used 5000 ultrafast bootstrap
pseudoreplicates to calculate bipartition support. Phylogenetic
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analyses were run on the CIPRES server (Miller et al., 2010).
We also used the single-locus nrlITS trees as input for the
bPTP web server (Zhang et al., 2013; https://species.h-its.org/
ptp/); after preliminary tests, we used the maximum likelihood
implementation of PTP because its splitting was substantially
more conservative than the Bayesian implementation.

In this paper, we are working within the phylogenetic
framework and classification system currently in widespread
use for Trebouxia (Leavitt et al., 2015; Muggia et al., 2020),
although we will also discuss some of its limitations. In this
system, nrITS-delimited species receive an alphanumeric code
consisting of the clade letter and a two-digit species number.
The species recognized in this scheme by Muggia et al. (2020)
and subsequent authors (Medeiros et al, 2021; De Carolis
et al., 2022; Kosecka et al., 2022) are the starting point for our
classification. First, new Trebouxia sequences were assigned,
when possible, to previously delimited species using a criterion
of monophyly (the “monophyly-known species” approach):
Samples falling in a well-supported clade (ultrafast bootstrap
295%) with reference sequences from a single recognized
species were assigned to that species. When the identification
was ambiguous (e.g., because of low support), we recorded the
closest species with a “cf.” designation. Well-supported clades
(ultrafast bootstrap =95%) lacking reference sequences or
singletons with less than 95% BLAST similarity to any other
putative species were considered putative novel species.

Operational taxonomic unit (OTU) clustering
with all available nrITS sequences

We assembled a global data set of Trebouxia nrITS sequences
(data set B) as an alternative to the more curated data set A
using the approach of Nelsen et al. (2021) to obtain and filter
data. First, we queried the NCBI nucleotide database with the
search “internal transcribed spacer OR 5.8§ AND Trebouxia
[ORGN] AND Chlorophyta[ORGN]” on 1 February 2023,
which yielded 9061 sequences. These sequences were split into
ITS1, 5.8S, and ITS2 with ITSx (Bengtsson-Palme et al., 2013)
to identify chimeric, incomplete, misclassified, and non-nrITS
sequences, which were excluded after verification with BLAST.
For the remaining sequences, ITS1, 5.8S, and ITS2 were
concatenated. We used BLAST to identify Asterochloris
sequences misclassified as Trebouxia, using FN556033 as the
search query. Finally, we used mothur (Schloss et al., 2009) to
remove sequences shorter than 525 bases or with more than
three ambiguous bases. Sequences that passed this filtering
were placed in the phylogeny of Trebouxia in T-BAS, as
described above, to bin sequences into major clades and
identify long branches that might represent non-Trebouxia or
low-quality sequences that escaped the initial filtering.

For each major clade, the GenBank data and newly
obtained nrITS sequences were merged into a single data set
and aligned in MAFFT with either the G-INS-1 (clades A, C,
and I) or FFT-NS-I (clade S) strategies (Katoh et al., 2019).
Alignments were corrected in Mesquite and the delimitation
of ambiguous regions was imported from data set A. At this

stage, additional non-Trebouxia or suspected low-quality
sequences were removed; a complete list of excluded
sequences and justifications for their removal is provided in
Appendix S8. With the 8092 sequences that passed this quality
screening, we adopted an OTU clustering approach using
similarity thresholds common in ecological studies (Botnen
etal, 2018). After removing the 5" and 3’ excluded regions, the
unaligned nrITS sequences of data set B were clustered at 95%
and 97% similarity using VSEARCH (Rognes et al,, 2016).

Evaluating the “barcode gap” in Trebouxia

Most species recognized in the current classification frame-
work for Trebouxia were delimited with a so-called “barcode
gap” method that looks for a discontinuity between intra- and
interspecific genetic distances in nrITS sequences (Puillandre
et al, 2012, Muggia et al, 2020). While this method has
yielded an extremely useful and widely adopted scheme for
classifying Trebouxia biodiversity, the central assumption of
this approach—that a barcode gap exists in Trebouxia—has
not been evaluated. The presence of a gap might suggest that
this approach remains useful for classifying the growing
amount of Trebouxia sequence data. Conversely, the absence
of a gap should cause us to look for alternative methods for
delimiting species. If there is no gap, we should also treat
species identifications made under the existing framework
with caution and consider multiple delimitation approaches
when addressing ecological questions.

Data set B was used to calculate two complementary
measures of pairwise sequence similarity. First, the nrITS
alignments with ambiguously aligned regions removed were
used as input for IQ-TREE using the -p and -m MFP
options, with the data set partitioned into ITS1 +ITS2 and
5.8S. Distance matrices were calculated from the resulting
trees in the R package ape 5.7-1 (Paradis and Schliep, 2019)
using the cophenetic.phylo function. In addition to plotting
histograms of pairwise distances, we used the distance
matrices as input to the ASAP server (https://bioinfo.mnhn.
fr/abi/public/asap/asapweb.html; Puillandre et al., 2021)
with default parameters to get a measure of total Trebouxia
species diversity under a “barcode gap” criterion. Second,
the 5’ and 3’ excluded regions were removed from the
aligned sequences, retaining all internal ambiguous regions.
Within each clade, we then performed an all-versus-all
comparison of the unaligned sequences with dc-megablast
(Zhang et al., 2000). The simMatrix function from the R
package RFLPtools 2.0 (Flessa et al., 2022) was used to
generate a similarity matrix from the BLAST output, and
pairwise similarities were plotted as histograms.

Recognition of Trebouxia species
We obtained a consensus classification for each sample by

combining the species identifications from the monophyly-
known species approach (data set A), 95% and 97% OTU
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clustering (data set B), and PTP analysis (data set A). The
results of these methods were compared with the R package
networkD3 0.4 (Allaire et al., 2017). When all methods
agreed on a species-level group in the southern African data,
we adopted the name from the monophyly-known species
approach. We did the same when the monophyly-known
species, 97% OTU clustering, and PTP delimitations agreed,
and the only conflict was with 95% OTU clustering, because
95% is a conservative clustering threshold that would require
us to lump well-supported, previously recognized species. For
the remainder, we selected the most conservative (i.e.,
lumping) delimitation among the monophyly-known species,
97% OTU clustering, and PTP criteria. Trees annotated with
these consensus species identifications were prepared in R
4.3.1 (R Core Team, 2023) with packages ggtree 3.8.2 (Yu
et al,, 2017) and ggtreeExtra 1.10.0 (Xu et al,, 2021).

Identification of mycobionts

Lichen mycobionts were identified with primary and secondary
taxonomic literature, including keys for southern Africa and
biogeographically related regions (Swinscow and Krog, 1988;
Almborn, 1989; Stevens, 1999; Kirnefelt et al, 2002;
Moberg, 2004; Wirth, 2010; Sipman, 2017). Thin-layer chro-
matography was performed using standard methods with sol-
vents A, B/, and C (Culberson and Kristinsson, 1970;
Culberson, 1972; Culberson and Johnson, 1982). When avail-
able, nrITS and mtSSU sequences (Appendix S4) were com-
pared against the NCBI nucleotide database using BLAST.
Sequenced voucher specimens are at DUKE or KRAM, with
duplicates at ARIZ, BOL, PRE, or WIND.

Species richness, global comparisons,
and endemism

To assess whether we have sufficient data to estimate total
Trebouxia species richness in the study region, we used the
specaccum function from the R package vegan 2.6-4
(Oksanen et al., 2022) to calculate accumulation curves for
the entire genus and for each major clade. This analysis and
the other biogeographical and ecological analyses that fol-
low were performed with both the consensus species and
97% OTU clusters to ensure that our conclusions are robust
to alternative delimitations of Trebouxia species.

We compared the southern African Trebouxia biota
with two other well-sampled areas of the southern hemi-
sphere: Bolivia and Kenya, the best-sampled countries in
South America and Africa, respectively. Published species
identifications for Trebouxia sequences from those countr-
ies (Leavitt et al., 2015; Lutsak et al., 2016; Singh et al., 2017;
Muggia et al., 2014, 2020; Medeiros et al., 2021; Kosecka
et al., 2022) were verified by placement on clade-level
phylogenies in T-BAS as described above, and the three
regions were also compared in the 97% OTU clustering
results (data set B). For each clade, we also used the nrITS

trees from data set B to quantify the proportion of global
phylogenetic diversity present in southern Africa, Kenya,
and Bolivia. Phylogenetic diversity was measured by sum-
ming branch lengths with the R package ape.

Southern Africa's endemic plants and lichen-forming fungi
are concentrated in the Greater Cape Floristic Region and
desert, respectively, the latter defined as <250 mm precipita-
tion per year (Meigs, 1953). To evaluate whether there is an
association between novel, potentially endemic Trebouxia
species and these regions (which overlap in the succulent
karoo biome), we calculated the proportion of lichen thalli
from the GCFR which contained potentially endemic Tre-
bouxia taxa. We defined endemics as consensus species or 97%
OTU clusters that only contained southern African samples.
For each delimitation approach, we then generated 1000 sets of
randomized site-thallus pairs by sampling without replace-
ment to obtain a null distribution of the proportion of GCFR
thalli with endemic species, assuming no association between
endemism and region. This procedure was repeated for the
desert. The percentage of the null distribution greater than or
equal to the empirical proportion was taken as the P-value,
with the significance threshold set at a = 0.0125 to account for
multiple comparisons.

Community predictors and interaction
networks

Following the approach from Chagnon et al. (2018), we used
the function adonis2 in the R package vegan to assess whether,
for a given lichen thallus, photobiont identity is better pre-
dicted by mycobiont genus, site, or biome. We also used the
adonis2 function to quantify the predictive value of mean
annual temperature (MAT, BIO1), mean annual precipitation
(MAP, BIO12), and precipitation seasonality (BIO15) for ex-
plaining variation in Trebouxia community composition at
the clade, consensus species, and 97% OTU levels. Bioclimatic
data were obtained from WorldClim 2 (Fick and
Hijmans, 2017) at 2.5-min resolution using the R package
terra 1.7.78 (Hijmans, 2024). The community distance
matrices were calculated using Bray—Curtis distances and 999
permutations were used for the adonis2 PERMANOVA.

We represented site-photobiont and mycobiont-
photobiont associations as networks, which were con-
structed using the R package igraph 1.3.5 (Csardi and
Nepusz, 2006) and visualized with ggraph 2.1.0
(Pedersen, 2022). To assess which sites were most important
to the connectedness of the network, we calculated nor-
malized closeness and betweenness centrality with igraph
for a subgraph of sites, with edges indicating shared pho-
tobiont species, derived from the site—photobiont network.
Because there was considerable variation in the number of
samples per site (Appendix S3), we generated rarefied/re-
sampled and randomized data sets to compare with the
empirical network. For the rarefied/resampled data set, eight
thalli (approximately the median number of samples per
site) were sampled with replacement from each site. This
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procedure was repeated 1000 times to generate a simulated
distribution under uniform sampling effort. For the random-
ized data set (null distribution), we followed the approach used
in the test for regional endemism. For both simulated data sets,
we constructed the network for each iteration and calculated
normalized closeness and betweenness.

For the mycobiont-photobiont network, we grouped my-
cobionts at the genus rank because most mycobiont species
were represented by three or fewer collections and species
could not be identified for all samples (Appendix S4). Network
modularity was measured and compared to a distribution of
scores calculated for a null model (Vazquez et al., 2007) in the
R package bipartite 2.1.8 (Dormann et al, 2009) using the
procedure from Chagnon et al. (2018), except that we used the
modularity algorithm from Beckett (2016). We also measured
nestedness of the two bionts with the wNODF index (Almeida-
Neto and Ulrich, 2011), using the same null model for com-
parison and calculating P-values as in the test for regional
endemism, with o= 0.05. We calculated degree and between-
ness centrality as complementary metrics for generalism and
importance in community structure (Gonzalez et al., 2010).

RESULTS
Phylogeny and species identification

We assembled a data set of Trebouxia in South Africa and
Namibia from 152 lichen thalli, including new data for 139
specimens and sequences from 13 specimens from previous
studies (Nyati et al, 2013, 2014; Singh et al,, 2017; Fryday
et al.,, 2020; Moya et al., 2021; Appendix S4). New sequences
from Borneo and Chile (13 and eight thalli, respectively) con-
tributed to the phylogenetic data set (Appendix S6). Three
South African samples from the literature lacked geographic
coordinates and were omitted from biogeographical and eco-
logical analyses. All samples were represented by nrITS and
approximately 50% by rbcL. Southern African samples were
distributed across Trebouxia clades A (N=58), C (N=59), I
(N=30), and S (N=5), with no samples from clade D. The
most common mycobiont families sampled from southern
Africa were Parmeliaceae (N =60), Teloschistaceae (N =29),
Ramalinaceae (N =20), and Physciaceae (N =11), with smaller

numbers from several other families including Acarosporaceae,
Candelariaceae, Chrysotrichaceae, Graphidaceae, and Umbili-
cariaceae (Appendix S4). This represents a broad phylogenetic
sampling of Trebouxia-associated lichenized fungi spanning
three fungal classes (Lecanoromycetes, Lichinomycetes s.l.
[including Candelariaceae, Diaz-Escandén et al, 2022], and
Arthoniomycetes). Although not the focus of the paper, we
note that this study provides the first molecular data for several
species of lichen-forming fungi, including Candelina africana
Poelt., Heterodermia subcitrina Moberg, and Usnea maculata
Stirt.

Preliminary species identifications made with data set A
under the monophyly-known species criterion are displayed
on clade-level phylogenies in Appendix S9. The OTU clusters
obtained from data set B provide an alternative delimitation
(Appendix S10). Overall, the number of species recognized
by the monophyly-known species criterion was intermediate
between the 95% and 97% OTU clustering thresholds, while
PTP split species more finely and gave a higher number of
putative taxa than any other method (Table 1).

The fate of individual samples under these four approaches
is shown in Appendix S11. For 25 of the 43 species delimited
under the monophyly-known species criterion, the four
methods yielded the same grouping of southern African sam-
ples, although they did not always agree on a name. We
accepted these species in our consensus classification and, when
no named reference sequences were included in a group, gave
the clade a new alphanumeric code under the nomenclatural
scheme from Muggia et al. (2020). In a further seven cases, the
monophyly-known species, 97% OTU clustering, and PTP
delimitations agreed, and the only conflict was with 95% OTU
clustering. For the remainder, we selected the most conserva-
tive delimitation among the monophyly-known species, 97%
OTU clustering, and PTP criteria as the consensus species
(Appendix S11).

Our consensus classification for clade A divided south-
ern African samples into 15 putative species (Figure 3).
A single sample that fell outside any previously delimited
species and had low similarity to available nrITS data (top
BLAST hit was 93.1% to T. cretacea OM275550, with 99%
coverage) was recorded as novel species Trebouxia A66.
Southern African samples clustered with strong support
with the formally named species T. arboricola sl. (A13),

TABLE 1 Delimiting potential species in southern African Trebouxia. The number of putative species varied under different criteria: monophyly-
known species, OTU clustering at 95% and 97%, and the maximum likelihood implementation of PTP (PTP-ML). The final column gives the total species

numbers from the consensus classification.

95% 97%

OTU clustering

Clade Monophyly following Muggia et al. (2020) PTP-ML Consensus classification
A 15 14 21 34 15
C 16 15 20 17 16
I 11 10 16 22 11
S 1 3 1 1 1
Trebouxia (total) 43 42 58 74 43
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FIGURE 3 Phylogeny of Trebouxia clade A based on maximum likelihood analysis of the concatenated nrITS-rbcL (data set A). Thick branches indicate
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T. incrustata Ahmadjian ex. Girtner (A06), T. Ilynniae
Barreno (A39; Barreno et al, 2022) and T. maresiae
Garrido-Benavent, Chiva & Barreno (A46; Garrido-
Benavent et al., 2022); one sample also clustered with T.
cretacea Voytsekhovich & Beck (A01; Muggia et al., 2020),
albeit with low support. Apart from our southern African
sampling, we found a clade from New Zealand (Buckley

et al,, 2014; Rafat et al, 2015) that fell outside currently
delimited species (Figure 3) and is incorporated into the
classification as novel species Trebouxia A67.

In the consensus classification for clade C, southern
African samples fell into 16 putative species, making this
the most speciose major clade in our sampling (Figure 4;
Appendix S11). Clade C also had the greatest number of
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novel species. The taxon we designate as Trebouxia C37 was  species unique to southern Africa. An additional three
previously found in Australia by Singh et al. (2017, as  singletons were recognized as novel species based on
“Trebouxia sp. 20”) but was omitted from the classification  their dissimilarity to new and previously available data.
scheme of Muggia et al. (2020). Two highly supported Trebouxia C39 had a top nrITS BLAST hit of 92.3% to
clades, Trebouxia C38 and C41, were identified as novel T. higginsiae MK328540 with 99% coverage. Trebouxia
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C40 had a top nrITS BLAST hit of 94.3% to Trebouxia sp.
KY066407 from Kenya with 99% coverage. Trebouxia C42
had a top nrITS BLAST hit of 92.5% to Trebouxia C13
OK533998 with 97% coverage. Apart from our southern
African sampling, we found three additional putative spe-
cies from Buckley et al. (2014) and Singh et al. (2017) that
were omitted from the Muggia et al. (2020) classification.
These fell outside any currently delimited species (Figure 4)
and should be incorporated into the classification as Tre-
bouxia C43 (“Trebouxia sp. 10” sensu Singh et al. 2017),
C44 (“Trebouxia sp. 11”7 sensu Singh et al. 2017), and C45.

Our consensus classification for Trebouxia clade I
grouped southern African sequences into 11 species
(Figure 5). A single sequence was recorded as the novel
species Trebouxia 132 (top BLAST hit was 94.2% to T. sp.
KM369745, with 100% coverage). While preparing the
alignments for this clade, we found that the recently rec-
ognized species 129 (Kosecka et al., 2022) was an artifact
caused by the treatment of nrITS and rbcL sequences from
different Trebouxia clades as a single sample. In samples
18308 and 18300 from Kosecka et al. (2022), the nrITS was
from Clade I, but the rbcL was clade C; for sample 18921,
the nrITS was Clade C, but the rbcL was Clade I. When just
the nrITS was considered, sample 18300 was close to 119,
while sample 18308 was conspecific with 128 (Figure 5;
Appendix S9).

The only clade S species in our sampling, Trebouxia S19
(Appendix S9), was first reported from Tephromela in New
Zealand by Muggia et al. (2014) and is one of the few Tre-
bouxia species previously known from South Africa (Moya
et al, 2021). Moya et al. referred to their sample as
T. australis A. Beck (Beck, 2002), but it is not clear whether
that species is conspecific with S19; ultrafast bootstrap sup-
port for the clade that included S19, S20, and the type strain
of T. australis (SAG2205, FJ626726) was 78% (Appendix S9).
Apart from the southern African data, we also affirmed that
Trebouxia S51, a species delimited by Molins et al. (2018) but
omitted from Muggia et al. (2020), should be included in the
Trebouxia classification (Appendix S9). Note that other
putative species introduced by Molins et al. (2018) based on
partial nrITS sequences were not validated here.

Evaluation of the “barcode gap”

We analyzed nearly all available Trebouxia nrITS sequences
to check for a “barcode gap.” The final data set included
3392, 714, 1607, and 2344 sequences from clades A, C, I,
and S, respectively (data set B, Appendix S10). Distributions
of pairwise phylogenetic distances and BLAST similarities
had local minima in the region (distance of ca. 0.01-0.05
substitutions/site, ca. 95-99% similarity) where a barcode
gap might be expected (Figure 6). However, the distribu-
tions were not discontinuous. The number of species rec-
ognized by the ASAP barcode gap method varied by an
order of magnitude within the top five delimitations
(Appendix S12). At the lower bound, ASAP yielded a

similar number of species as recognized by 97% OTU
clustering (clades A and S) or under the monophyly-known
species classification (clade C). At the upper bound, ASAP
recognized hundreds more species than any other method.

Biogeography, endemism, and interbiome
species turnover

Analyses of our sampling did not suggest that we have
documented the full species diversity of southern African
Trebouxia. The accumulation curve for the consensus spe-
cies delimitation did not reach a plateau at the genus level or
for individual clades, although clade A and especially clade I
may be beginning to level off (Figure 7A). The same pattern
was observed when the accumulation curve was calculated
for 97% OTU clustering (Appendix S13).

Under the consensus classification, 43 Trebouxia species
were present in southern Africa, a remarkably similar num-
ber to the Trebouxia biodiversity documented from Bolivia
(44 species) and Kenya (45 species; Figure 7B).
Only four Trebouxia species were present in all three of
the well-sampled southern hemisphere regions (southern
Africa, Kenya, and Bolivia), while southern Africa shared
10 and 12 species with Kenya and Bolivia, respectively
(Figure 7B). The remaining 17 species include species shared
with other regions (e.g., Europe or Australia) and lineages
unique to southern Africa. Patterns of shared 97% OTUs were
similar (Appendix S13). Southern Africa had greater phylo-
genetic diversity in Trebouxia clade A than either Kenya or
Bolivia, but substantially less diversity in clade S (Table 2). For
all three regions, Clade C had the highest phylogenetic
diversity, but that diversity was lowest in southern Africa.
Under the Muggia et al. (2020) classification scheme, the 43
putative Trebouxia species in southern Africa represent ca.
30% of global Trebouxia diversity, corresponding to ca. 20%
of global diversity using 97% OTU clustering (Table 1;
Appendix S12), comparable to the proportions of global
phylogenetic diversity in clades A, C, and I (Table 2).

Seven putative species—approximately 16% of the
Trebouxia species observed in our sampling—were novel
lineages not known from elsewhere in the world
(Figures 3-5). The level of potential endemism rose to ca.
38% under 97% OTU clustering. Novel, potentially endemic
Trebouxia species were found in 13% of lichen thalli in
the Greater Cape Floristic Region under the consensus
species delimitation and 31% under 97% OTU clustering
(Appendix S14). For the desert, potentially endemic
Trebouxia species were found in 8% of thalli under the
consensus delimitation and 15% under 97% OTU cluster-
ing. In all four cases, the percentage of putative endemics
was not significantly greater than a null distribution
(GCFR-consensus, P =0.283; GCFR-97%, P =0.210; desert-
consensus, P =0.813; desert-97%, P = 0.970; Appendix S14).

Of the three bioclimatic variables (MAT, MAP, and
precipitation seasonality) evaluated for their relationship to
variation in Trebouxia community composition, only MAP
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FIGURE 5 Phylogeny of Trebouxia clade I based on maximum likelihood analysis of the concatenated nrITS-rbcL (data set A). Thick branches indicate
ultrafast bootstrap >295%. Samples from southern Africa are indicated with bold text. Putative species-level lineages found in southern Africa are highlighted
in blue; pale blue indicates species known from outside the study region; dark blue indicates a novel putative species that is potentially endemic to southern
Africa. Biome and substrate are indicated in the inner and outer ring, respectively, for southern African samples. Scale indicates substitutions per site.
A version of this tree with all ultrafast bootstrap values > 50% is available in Appendix S9.
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FIGURE 6 Absence of a “barcode gap” in Trebouxia nrITS sequences (data set B). For each major clade, pairwise phylogenetic distances in substitutions
per site are shown on the left and pairwise BLAST sequence similarities as a fraction of sequence length are shown on the right. Phylogenetic distances
greater than 0.2 or BLAST similarities less than 0.9 were omitted to enable uniform comparison across clades. Although both measures have local minima in

the region where a gap might be expected, there is no discontinuity.

was a significant explanation of variation at all levels
of classification (Table 3). MAT was only weakly significant
for 97% OTUs, and seasonality was not significant at any
level. Trebouxia clades A, C, and I were found throughout
the study area, while clade S was only found in the Cape
Floristic Region (Appendix S15). The driest sites (desert and
succulent karoo) lacked clade C and were dominated by
clade A, while clade I was least common in arid and savanna
sites (Figure 8A; Appendix S15). Many Trebouxia species

occurred in multiple biomes, and all sites shared at least one
species with another site (Figure 8A). Photobiont ranges
that cross biomes followed a consistent pattern: desert and
succulent karoo shared Trebouxia species with fynbos;
fynbos shared Trebouxia species with the arid biomes and
with forest and grassland. Savanna only shared Trebouxia
species with forest and grassland, with one exception: C cf.
20, also shared with fynbos (Figure 8A). Notably, the
savanna sites at the northeastern (Kruger) and northwestern

d ‘T1vT0T L61TLEST

q//:sdny woy papeoy

Q5UIIT suowWo) dAnear) ajqearidde ayy £q pauIdA0S are sa[onIe Y osn Jo so[ni 10§ K1eiqi uljuQ AJ[IA UO (SUONIPUOD-PUB-SULI)/WOY K[1mM° KIeiqijaur[uoy/:sdiy) suonipuo) pue sua [, ay) 99§ *[S70z/10/20] uo Areiqry aurjuQ K[Ip ‘satreiqr] Asioatun N £q [#491°2qfe/z001°01/10p/wod Kajim’ £



140f24 | LICHENIZED TREBOUXIA IN SOUTHERN AFRICA
A B Kenya species
40-
30-
1]
(9]
©
[0]
o
%)
©
9]
Q 20-
1S
=)
=
S
10- =
-
I
&
Q
&
30 60 90 120 150

Sampling effort (thalli sampled)

FIGURE 7 (A) Species accumulation curves for southern African Trebouxia based on the consensus delimitation (Figures 3-5). An accumulation curve
was not calculated for clade S because only a single species from that clade was recorded in the study region. (B) Counts of Trebouxia species shared between
southern Africa and the best-sampled regions in South America and Africa: Bolivia (507 samples; Lutsak et al., 2016; Medeiros et al., 2021; Kosecka et al.,
2022) and Kenya (146 samples; Leavitt et al., 2015; Lutsak et al., 2016; Singh et al., 2017; Muggia et al., 2014, 2020). New Zealand also has a high number of
available Trebouxia nrITS sequences, but these are almost all from a single mycobiont genus (Buckley et al., 2014). A version of this figure based on 97%

OTU clustering is included as Appendix S13.

TABLE 2 Proportion of global Trebouxia phylogenetic diversity for
each major clade observed in the three best sampled regions of the
southern Hemisphere (excluding Antarctica), based on the trees from data
set B. Branch lengths represent substitutions per site.

TABLE 3 Results of adonis2 PERMANOVA on the influence of mean
annual temperature (BIO1), mean annual precipitation (BIO12), and
precipitation seasonality (BIO15) on the composition of Trebouxia
communities. Variables that were significant at P <0.05 are in bold.

Clade Total length Southern Africa Kenya Bolivia
A 6.22 0.192 0.125 0.133
C 2.52 0.243 0.335 0.358
I 2.29 0.189 0.113 0.230
S 1.92 0.004 0.027 0.076

(Waterberg) ends of our sampling did not share any pho-
tobiont species (Figure 8A).

Closeness and betweenness metrics confirmed the visual
impression that forest and fynbos sites are central to pho-
tobiont community connectivity across biomes (Figure 8A;
Appendices S16 and S17). The Buffelskloof (forest) and West
Coast (fynbos) sites had the highest empirical values for
normalized betweenness and closeness. These were also the
sites with the most samples, and both metrics were signifi-
cantly correlated with sampling depth in a linear regression
(betweenness, R?=0.6439, F=24.51, df = 12, P=0.0004;
closeness, R*>=0.4255, F=10.63, df = 12, P= 0.0068). How-
ever, our resampling and null model analyses suggested that
the centrality of these sites may not be entirely an artifact of
sampling depth. In the rarefaction/resampling test,

Trebouxia classification  BioClim

level variable R? F P

Clades BIO1 0.05746  0.9691 0.457
BIO12 0.26711 4.5048 0.004
BIO15 0.08247 1.3908 0.240

Consensus species BIO1 0.09056 1.3208 0.129
BIO12 0.15864 2.3137 0.001
BIO15 0.06513  0.9499 0.531

97% OTUs BIO1 0.10261 1.4370 0.045
BIO12 0.12223 1.7117 0.004
BIO15 0.06106 0.8551 0.716

Buffelskloof and West Coast remained among the most
central sites (Appendix S16). Buffelskloof and West Coast
were also the most central sites in the randomized/null
test, but for these two sites and others with high empirical
normalized betweenness, nearly all betweenness values in
the null simulation were lower than the empirical values
(Appendix S16).
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Specificity and generalism in the lichen
symbiosis

At the level of lichen thalli, more variation in photobiont
consensus species identity was explained by mycobiont genus
(df = 31, R*=0.250, P=0.001) than site (df = 13, R*=0.078,
P=0.951) or biome (df = 1, R*=0.007, P = 0.385). However,
while mycobiont genus was a significant predictor of pho-
tobiont species, it still only explained a minority of
the variation in photobiont species among lichen thalli.
Mycobiont genera varied widely in their specificity. On one
end of the spectrum, some were exclusively associated with a
single Trebouxia clade (Figure 8B), e.g., Heterodermia Trevis.
and clade I (N=9), Lasallia Mérat and clade S (N=3),
Parmotrema A. Massal. and clade C (N=11), and Xantho-
parmelia and clade A (N = 18). Heterodermia, Parmotrema,
and Xanthoparmelia were each associated with multiple
photobiont species within their respective clades; only a
single species was found for Lasallia in clade S (Figure 8B).

In contrast, Usnea Dill. ex Adans. and Caloplaca Th. Fr.
were associated with Trebouxia clades C, I, and S. Several
mycobiont genera were found with photobionts from both
clades A and C—Acarospora A. Massal., Buellia De Not.,
Lecanora Ach., and Ramalina Ach.—while Teloschistes Nor-
man occurred with clades C and I (Figure 8B). While few
mycobiont species were well-represented in our sampling,
species with multiple collections tended to follow the genus
pattern and not show a higher level of specificity. Hetero-
dermia leucomelos (L.) Poelt s.l. [including H. boryi (Fée)
Kr.P. Singh & S.R. Singh; N=5 across three sites] was
associated with three Trebouxia species: 120, 122, and I cf. 23
(Appendix S4), while Ramalina celastri (Spreng.) A. Massal.
(N=5 across three sites), was associated with four
Trebouxia species (Appendix S4). Within each biont, higher
values for degree and normalized betweenness centrality
suggested generalists that were important to the overall
structure of the network. For mycobionts, the most impor-
tant generalist genera according to these metrics were
Ramalina, Xanthoparmelia, Caloplaca, Usnea, and Lecanora
(Appendix S17; all values from the network with the con-
sensus species delimitation). Aside from Xanthoparmelia,
which occurred with many different species in Trebouxia
clades A, these genera were associated with multiple clades of
Trebouxia.

The modularity of the empirical mycobiont-photobiont
network was not significantly different from the null
distribution (Appendix S18; P=0.064). Nestedness was
significantly lower than the null distribution (i.e., showing
an anti-nested pattern) for mycobionts (P=0.000) and
photobionts (P=0.022). Ranked by betweenness centrality,
Trebouxia A13 was the most important generalist photobiont
(degree = 8, normalized betweenness = 0.318), followed by C
cf. 34, A52/A53, C cf. 20, and I cf. 23 (Appendix S19). Except
for C cf. 34, these are also species that exhibited conflict
between delimitation methods (Appendix S11), calling
into question whether some of this apparent generalism
was biodiversity missed by the consensus classification. The

mycobiont-photobiont network with Trebouxia species de-
limited under 97% OTU clustering (Appendix S17) suggested
otherwise: The OTU representing most specimens in A13 still
had the highest betweenness centrality, with three of the
next four spots filled by OTUs linked to other species
listed above (Appendix S19). It is important to note that these
centrality metrics were also significantly associated with the
number of samples (linear regression: betweenness-consensus,
R*=0.738, F=119, df = 41, P<0.0001; betweenness-97%,
R*=10.529, F=65, df = 56, P<0.0001).

DISCUSSION
Trebouxia in southern Africa

Although recent advances have brought considerable order
to the molecular-era taxonomy of Trebouxia (Leavitt
et al,, 2015; Muggia et al., 2020), many putative species are
known from only one or a handful of sequences, and many
areas of the world lack data, particularly in the southern
hemisphere. Before the present study, Kenya was the only
country in sub-Saharan Africa where the Trebouxia biota
was extensively documented with sequence data (Lutsak
et al., 2016; Muggia et al., 2020). Our study provides a first
attempt at a comprehensive survey of Trebouxia in South
Africa and Namibia. Documenting photobiont diversity in
this region is important not just for Trebouxia systematics,
but also for informing studies of lichen physiology in arid
environments. Past physiological studies on lichen photo-
synthesis in southern Africa (e.g., Wessels and
Kappen, 1993; Lange et al., 1994; Maphangwa et al., 2012)
have not included a species identification for the photobiont
—the organism that is photosynthesizing. With the frame-
work from our study, future work on lichen physiology in
this region can be linked to Trebouxia species.

Our collecting strategy was to sample from a wide
diversity of lichens and habitats; most vegetation types and
mycobiont species were only sampled once or twice. This
approach allowed us to assess overall Trebouxia biodiversity
and patterns at an interbiome scale, but it limits our ability to
investigate intrabiome patterns, evaluate photobiont specific-
ity at the level of mycobiont species, or explore the ecological
preferences of individual Trebouxia species. One such limi-
tation can be seen in the interpretation of the species accu-
mulation curve (Figure 7): We cannot be sure whether the
results are due to undiscovered species or insufficient within-
habitat replicates. In addition, the high proportion of single-
tons (ca. 40% using the consensus classification) makes our
data set unsuitable for nonparametric estimates of the species
pool (Lopez et al.,, 2012). Despite this uncertainty, the phy-
logenetic diversity of sampled photobionts and mycobionts—
representing the four largest clades in Trebouxia and many
families of lichen-forming fungi—and comparable Trebouxia
biodiversity to Bolivia and Kenya suggest that our data set, if
not complete, is reasonably comprehensive and acceptable for
further analyses.
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If the putative endemic species—ca. 16% of the regional
Trebouxia biota—found in our sampling are indeed regional
endemics, it would suggest that Trebouxia follows some of
the biogeographic “rules” of southern Africa but not others.
Trebouxia appears to conform to a plant- and lichen-
informed expectation that there will be endemism in
southern Africa, but those putative endemic species were
not where we expected to find them, i.e., not preferentially
associated with the Greater Cape Floristic Region or desert.
To the contrary, we saw a trend toward lower desert en-
demism than expected by chance (Appendix S14), although
this was not significant when correcting for multiple com-
parisons. In further contrast with plants and lichenized
fungi, there was no evidence that the putative endemic
species in Trebouxia clade C represent a radiation, although
the low backbone support (Figure 4) did not eliminate that
possibility. The novel species hypothesized to be regional
endemics in this study were mostly singletons (Figures 3-5),
and additional data from southern Africa, Australia, and
other biogeographically related areas will allow us to better
understand the ecological and geographic breadth of these
species and assess whether they are truly endemic. In this
context, the potential for a Trebouxia biota shared between
Mediterranean biomes deserves greater study. Trebouxia
maresiae (A46) was previously known from Teloschistaceae
and Ramalina in the western Mediterranean and Cape
Verde archipelago (Gasulla et al., 2010; Nyati et al., 2014;
Garrido-Benavent et al., 2022). In our study, it was found in
the fynbos biome with Caliciaceae, Physciaceae, and Ra-
malinaceae (Figure 3, 8), clearly marking it as an inhabitant
of Mediterranean habitats while also expanding its geo-
graphic and partner breadth—an example of how endemism
can be a figment of limited sampling.

The effect of annual precipitation on Trebouxia com-
munity composition observed in this study (Table 3) has
been previously observed at multiple spatial scales (Singh
et al., 2017; Wagner et al., 2021). Despite its central role in
structuring the plant communities of the Greater Cape
Floristic Region, precipitation seasonality had no significant
effect on community composition in southern African
Trebouxia (Table 3). This result is not necessarily surpris-
ing, given that desiccation tolerance in both the lichenized
and free-living states is a hallmark of Trebouxia (Candotto
Carniel et al., 2015). However, our selection of sampling
locations may have concealed effects of precipitation sea-
sonality. Collection sites in the winter rainfall region were
all near the coast, where Trebouxia-associated lichens can
rehydrate from ocean mist or water vapor in humid air
(Lange et al., 1986). Future research should document the
Trebouxia biota of inland winter rainfall sites to evaluate
whether the absence of a seasonality effect still holds true.

Other ecological patterns in our data echo trends previ-
ously seen in Trebouxia or southern African vegetation. The
dominance of Trebouxia clade A on the coast of Namibia
(Appendix S15) has also been observed in the Atacama desert,
another low-precipitation, fog-driven environment (Vargas
Castillo and Beck, 2012). The prominence of clade A in such

environments may explain why phylogenetic diversity of this
clade is higher in Southern Africa than in Bolivia or Kenya
(Table 2). The absence of hard boundaries in species com-
position between biomes—evident in the structure of the
photobiont-site network (Figure 8A) and the poor ability of
biome to explain variation in photobiont species—is a
reminder that species turnover is an individualistic process
observed at the community level (Whittaker, 1960). All major
biomes in southern Africa share some plant species (Gibbs
Russell, 1987), which is largely true for Trebouxia, although
we have yet to find species shared between desert and
savanna. Future studies in this region should conduct more
thorough intrabiome sampling of Trebouxia to quantify rel-
ative species turnover within and between biomes. Sampling
of the Nama-karoo and Albany thicket, biomes that were
missing from our data set and are biologically under-sampled
more generally (Hoveka et al., 2020), will also be required to
fully understand the distribution of Trebouxia species.

Mycobiont-photobiont specificity in
Trebouxia-associated lichens

Our data confirmed patterns of mycobiont-photobiont
specificity that have been seen elsewhere in the world.
Kosecka et al. (2022) found Heterodermia in Bolivia almost
always associated with Trebouxia clade I; this clade also ap-
pears to be the exclusive source of photobionts for Punctelia
and relatives (Garrido-Benavent et al., 2023). The association
between Lasallia and Trebouxia clade S has been seen in
numerous studies (Sadowska-Des$ et al., 2013, 2014; Hestmark
et al, 2016; Dal Grande et al, 2018; Paul et al, 2018;
Rolshausen et al., 2020), as has the association between Par-
motrema and Trebouxia clade C (Ohmura et al., 2006; Ska-
loud et al., 2018; Ohmura et al., 2019; Kosecka et al., 2022).
The latter association might explain the high proportion of
temperate Parmotrema species producing soredia alone or in
addition to apothecia (Lawrey, 1980) because clade C is pri-
marily tropical and thus less likely to be encountered by a
germinating Parmotrema ascospore in temperate environ-
ments. One striking observation was that clades particularly
rich in endemic mycobiont species (Xanthoparmelia and
Teloschistaceae) were rarely associated with novel Trebouxia
species (Figure 8B), suggesting a lack of co-speciation between
the fungal and algal partners in the lichen symbiosis.

The modularity of the mycobiont-photobiont network
was marginally not significant in our analysis (Appen-
dix S18). It is possible that a significant modular structure
would be evident if the network were inferred with myco-
bionts at the rank of species rather than genus, and future
work should increase the sampling of southern African
lichens to enable such an analysis. Our finding of significant
anti-nested network structure for both mycobionts and
photobionts is consistent with previous work on lichens
(Chagnon et al., 2018; Pérez-Ortega et al., 2023), and, along
with the finding that mycobiont genus is a significant pre-
dictor of photobiont species, supports a role for both
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interaction specificity and environment in structuring
lichen photobiont communities.

Trebouxia biodiversity worldwide

Our results refined and expanded the global Trebouxia
classification scheme (Leavitt et al, 2015 Muggia
et al., 2020). We added 12 new species to this classification,
seven of which are potentially endemic to southern Africa.
Four of the 12 species were previously recorded by Singh
et al. (2017) but were omitted from the classification scheme
until now: C37 (“Trebouxia sp. 20”), C38 (“Trebouxia
sp. 187, a potential southern African endemic), C43 (“Tre-
bouxia sp. 10”), and C44 (“Trebouxia sp. 11”). Conversely,
we rejected Trebouxia 129 (proposed by Kosecka
et al., 2022) as a phylogenetic artifact caused by nrITS and
rbeL sequences from different Trebouxia clades, likely due
to multiple algal species in a single thallus. We also resolved
a problem with Trebouxia A29, which was paraphyletic in
previous papers that inferred trees from nrITS and rbcL
(e.g., Muggia et al., 2020) but was recovered as a single clade
in trees based on nrITS only (e.g., Muggia et al., 2014). We
found that the former topology was due to two samples with
rbcL matching a different species, Trebouxia Al13.

Although the distributions of pairwise distances and
sequence similarities suggest, unsurprisingly, that intra- and
interspecific distances are different, the lack of a dis-
continuity (Figure 6) means that there is no “barcode gap”
in Trebouxia. The highly inconsistent number of species
recognized under the top ASAP partitions (Appendix S12)
is a consequence of the lack of a gap. Beyond the violation
of the assumption that a gap exists, there is a methodo-
logical mismatch at play here. The “barcode gap” approach
is ideal for clades that are “taxonomically well-understood
and thoroughly sampled” (Meyer and Paulay, 2005).
Trebouxia is neither: it is insufficiently sampled, and species
boundaries are poorly known independent of molecular
data. Apparent gaps may just be due to species that are
known from one or two specimens. Additional sampling
will likely reduce the appearance of a gap, as highlighted by
C21/C22 (Figure 4). These were recognized as two distinct
species by Muggia et al. (2020) based on nrITS distances.
Our sequence falls in the middle of that nrITS “gap”, and
this clade may represent a single species.

The absence of a barcode gap does not mean that the
existing classification scheme, which delimited species based
primarily on a barcode gap analysis, needs to be discarded.
Indeed, the species of that scheme are generally mono-
phyletic entities (Figures 3-5) and often consistent with
those of other delimitation approaches (Appendices S10
and S11). Thus, despite inherent limitations of the barcode
gap approach, the analyses from Leavitt et al. (2015) and
Muggia et al. (2020) were a good initial effort to delimit
potential species. What our barcode gap analysis does show
is that it is not possible to define species in Trebouxia based
on a single distance or similarity threshold, either across the

entire genus or within a major clade. Without a gap, any
threshold is arbitrary. Absent data other than nrITS and
specimen vouchers, the best option is to define species based
on well-supported phylogenetic relationships and informed
by ecology (Wiemers and Fiedler, 2007; Malavasi
et al., 2016). Because Trebouxia species delimited through a
barcode gap approach may not consistently reflect natural
species boundaries, our results also highlight that it is
important to use multiple delimitation approaches to ensure
that ecological analyses are robust to errors or subjective
decisions in species delimitation.

Studies such as this one, which apply provisional names to
Trebouxia species delimited with just one or a few loci, provide
a starting framework that should be expanded in future
genomic and morphological research. For example, Muggia
et al. (2020) recognized Trebouxia A36 as a South African
singleton sister to the widespread A13, while in our analysis,
A36 was nested within A13 (Figure 3). This clade is charac-
terized by an intron in ITS1 not found in any other Trebouxia
species. There are three names available for A13—T. arboricola
Puymaly, T. crenulata Archibald, and T. aggregata (Archibald)
Gértner (Muggia et al., 2020), which have some morphological
differences among them (Bordenave et al., 2022). Resolving
species boundaries in this lineage will require genomic and
morphological work in parallel. Another example is the A52/
A53 clade (Figure 3), which contains Trebouxia from deserts,
mountaintops, and other extreme environments in South
America and southern Africa (Ruprecht et al., 2020; Medeiros
et al, 2021; De Carolis et al., 2022). We leave the question of
whether this represents a single, widely distributed, ex-
tremophile species or many narrowly distributed species
unresolved until we have more comprehensive data.

While the nomenclatural scheme from Leavitt et al. (2015)
and Muggia et al. (2020) has found widespread acceptance, its
informal nature presents problems that must be addressed as
its usage grows. From a practical standpoint, the lack of a
central registry for sequential, alphanumeric species identifiers
makes it almost certain that the same “name” will be pub-
lished more or less simultaneously for different species. This
duplication has already happened: Ruprecht et al. (2020)
introduced several novel Trebouxia species contemporane-
ously with Muggia et al. (2020), and “A36,” “A37,” “A38,”
“A39,” “I17,” and “S16” sensu Ruprecht et al. (2020) do not
correspond to the taxa with the same names published by
Muggia et al. (2020; Appendix S20). We make two suggestions
to avoid this situation in the future. First, publications deli-
miting new putative species in Trebouxia should state that
explicitly. Second, the community working on Trebouxia
systematics should agree on a system that will allow authors to
“reserve” identifiers for publications in press.

CONCLUSIONS

With a phylogenetic framework and classification scheme for
Trebouxia now well established, studies that need to identify
Trebouxia species can use phylogeny-based delimitation with
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tools such as T-BAS (Carbone et al, 2017, 2019). If
phylogeny-based methods are not possible, it is preferable to
define species based on a threshold acknowledged to be
arbitrary, such as clustering OTUs at 97%, rather than
applying “barcode gap” methods whose central assumption—
that a gap exists—is not met in Trebouxia. Investigating
ecological questions with multiple approaches to species
delimitation, as we did here, can be a way to increase confi-
dence in conclusions when species boundaries are uncertain.

This study provides a first step toward documenting
the biodiversity, biogeography, and ecology of Trebouxia
in southern Africa, a region that hosts ca. 20-30% of
global Trebouxia biodiversity. Only ca. 12% of the putative
Trebouxia species found in our sampling can be referred
to formally described species, leaving dozens of taxa—
including all the potential southern African endemics—
remaining to be described. Our data on habitats and fungal
partners for these species provide a blueprint for a targeted
effort to collect, culture, and describe these algae, adding
another layer to our understanding of biodiversity in South
Africa and Namibia.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Previously available molecular data for lichen
photobionts of South Africa.

Appendix S2. Infrageneric phylogenetic classification of
Trebouxia and summary of data available on GenBank.

Appendix S3. Protected areas in southern Africa sampled
for lichenized Trebouxia.
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Appendix S4. Table of voucher and GenBank accession
data for southern African Trebouxia sequences generated in
this study or downloaded from GenBank.

Appendix S5. Table of voucher and GenBank accession
data for sequences of green algal photobionts other than
Trebouxia generated in this study.

Appendix S6. Table of sample names and GenBank acces-
sions for non-southern African nrITS and rbcL sequences
used in the data set A phylogenetic analyses.

Appendix S7. Statistics on the data set A alignments for
southern African Trebouxia.

Appendix S$8. Table of GenBank accessions excluded from
data set B (OTU clustering and barcode gap analyses) with
justifications for each exclusion.

Appendix S9. Concatenated nrITS-rbcL maximum likeli-
hood phylogenies of Trebouxia clades A, C, I, and S (dataset
A) displaying ultrafast bootstrap values > 50.

Appendix S10. Table of nrITS GenBank accessions included
in data set B, with corresponding 95% and 97% clusters and
classification in the framework of Muggia et al. (2020).

Appendix S11. Sankey diagram comparing the 95% OTU
clustering, monophyly-known species, 97% OTU clustering,
and maximum likelihood implementation of PTP (PTP-ML)
approaches to classifying southern African Trebouxia.

Appendix S12. Estimates of global species richness in
Trebouxia.

Appendix S13. Analyses based on 97% OTU clustering:
Species accumulation curve for southern African Trebouxia
and comparison to Trebouxia biota of Kenya and Bolivia.

Appendix S14. Histograms showing results of randomiza-
tion tests (i.e., null distributions) for an association between

the GCER or desert and novel, putative endemic Trebouxia
species.

Appendix S15. Maps showing the number of Trebouxia spe-
cies in each major clade sampled from the sites in Figure 1.

Appendix S16. Robustness checks for the site—photobiont
network.

Appendix S17. Site-photobiont and mycobiont-photobiont
network based on the 97% OTU clustering Trebouxia spe-
cies delimitation.

Appendix S18. Results for modularity, photobiont nested-
ness, and mycobiont nestedness in the mycobiont
genus—photobiont species network under the Trebouxia
consensus classification.

Appendix S19. Top five most important mycobionts
and photobionts for the connectivity of the Trebouxia
species—mycobiont genus network, ranked by betweenness
centrality.

Appendix S20. Classification of putative Trebouxia species
introduced by Ruprecht et al. (2020) using alphanumeric codes
overlapping with new species delimited by Muggia et al. (2020).
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