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Summary

e Lichens are symbiotic assemblies consisting of multiple organisms, chiefly a fungus and a
photosynthetic microorganism, or photobiont. Among diverse photobionts, the most preva-
lent is the chlorophyte alga Trebouxia.

e We produced a chromosome-level assembly of Trebouxia sp. '‘A48', a photobiont of
Xanthoria parietina. The genome was assembled into 20 contigs, of which 16 had telomeric
repeats at both ends and likely represent complete chromosomes. We compared this genome
with those of other Trebouxia species and analyzed it to investigate adaptations to the lichen
lifestyle. We then used the genome to profile gene expression in axenic culture and in lichen
thalli.

e The predicted secretome is enriched in hydrolases and redox enzymes and contains
carbohydrate-binding proteins potentially involved in cell-to-cell recognition and adhesion.
We identified genes potentially involved in carbon concentrating and confirmed two instances
of ancient horizontal gene transfer from fungi.

¢ The genome and the strain of Trebouxia sp. ‘A48’ provide a resource for the community to

research algal evolution and lichen symbiosis.

Introduction

The textbook example of symbiosis, the lichen symbiosis, is cen-
tered around the relationship between a fungal partner called the
mycobiont and a photosynthetic symbiont, known as the photo-
biont (Spribille ez al., 2022). Lichen photobionts are diverse and
include both prokaryotic cyanobacteria and eukaryotic microal-
gae, and among both groups the lichen lifestyle has emerged sev-
eral times independenty (Scharnagl er «l, 2023). Our
understanding of the mechanics and evolution of the lichen sym-
biosis relies on generating sufficient information from both key
symbionts. However, compared with their fungal partners, lichen
photobionts have received little attention. This gap has begun to
close recently with new studies investigating the genomics and
evolution of chlorophyte photobionts (Gazquez et al., 2024;
Poquita-Du ez al., 2024; Puginier et al., 2024).

High-quality genomic data enables research on molecular
mechanisms involved in lichen symbioses, which are otherwise
challenging to study because our ability to manipulate lichen
symbionts experimentally is severely limited. Transcriptomics
has, for example, allowed profiling lichen algae responses to
desiccation (Carniel et al., 2016; Del Campo ez al, 2023), UV
exposure (Leksin ez al., 2024), and temperature shifts (Armaleo
et al., 2019; Kono et al., 2020; Chavarria-Pizarro et al., 2022;
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Almer et al.,, 2023). High-quality reference genomes allow for
more robust inference from transcriptomic and proteomic data.
The Chlorophyta alga Trebouxia (Order Trebouxiales, Class
Trebouxiophyceae) is the most common lichen photobiont, esti-
mated to participate in nearly half of all described lichen sym-
bioses (Sanders & Masumoto, 2021). Trebouxia algae are diverse,
and while only ¢ 35 species have been formally described, the
genus also includes 110 candidate species split into five clades:
clade A (7. arboricolalgigantea group), clade C (1. corticola/gala-
pagensis/usneae group), clade 1 (7. impressa/gelatinosa group),
clade S (T. implex/letharii/jamesii group), and clade D (7. delisei
group) (Muggia et al, 2020; Xu et al, 2020; Barreno et al.,
2022; Garrido-Benavent et al., 2022; Chiva et al., 2025; Pazos
et al., 2025). Individual lineages within the genus can often enter
the symbiosis with different mycobionts. Conversely, a single
mycobiont might associate with one or several lineages of 77e-
bouxia (Sanders & Masumoto, 2021). The mechanisms deter-
mining which photobiont—mycobiont associations can occur
remain largely unknown. Whether and to what extent 7rebouxia
has an aposymbiotic phase is also debated (Sanders & Masu-
moto, 2021). The basis of the lichen symbiosis is assumed to be
nutritional: the product of the photobiont’s photosynthesis (in
the case of Trebouxia, ribitol) is accumulated by the mycobiont
and used either for respiration or for surviving desiccation

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-8493-2387
https://orcid.org/0000-0002-8493-2387
https://orcid.org/0000-0001-8729-5152
https://orcid.org/0000-0001-8729-5152
mailto:nick.talbot@tsl.ac.uk
http://creativecommons.org/licenses/by/4.0/

New
Phytologist

(Richardson & Smith, 1968; Spribille ez /., 2022). The photo-
biont genes involved in the synthesis and release of ribitol have
not yet been conclusively identified. Trebouxia is known to be
mixotrophic (Fox, 1967), leading to the hypothesis that a flow of
carbohydrates in the opposite direction, from mycobiont to the
photobiont, may also occur (Ahmadjian, 2002). Trebouxia can
reproduce sexually in culture (Boccato et al., 2025), but to what
extent sexual reproduction occurs in nature is largely unknown.

In spite of the importance of Trebouxia as a photobiont and
the great diversity of this genus, our understanding of its biology
has been limited, as only a handful of high-quality genome
sequences are available. The majority of genomic assemblies
available at NCBI originate from shotgun metagenomes and are
therefore highly fragmented. Available resources also include a
shotgun genome assembly from a culture of Trebouxia sp.
TZN2008 (clade C) (Kono ez al., 2017), as well as long-read
genomes of six strains, three from Clade S (S09, S19, S12) and
three from Clade A (A06, A10, A04) (Poquita-Du ez al., 2024).
Trebouxia lynnae (clade A) has three genomes available, only one
of which is published (Gazquez er al, 2024). Most recently, a
chromosome-level assembly of Trebouxia was generated as part of
the Aquatic Symbiosis Genomics project (Table 1). This assem-
bly was extracted from a long-read metagenome of Xanthoria par-
ietina using binning and HiFi data (McKenna ez al., 2024) and
deposited in NCBI as 7 sp. SL0000003.

In this study, we present the genome sequence of a Trebouxia
photobiont of the common sunburst lichen X. parietina (Fig. 1),
which has long served as a model system for studies of lichen
development, physiology, and genetics (Korhonen & Kal-
lio, 1987; Honegger, 1996; Honegger ez al., 2004). X. parietina
lichens involve several Trebouxialineages, with the majority com-
ing from the 7. decolorans species complex (Nyati ez al., 2014).
We have generated a chromosome-level assembly of the photo-
biont genome and used this to investigate the life cycle, symbiotic
lifestyle, and evolutionary history of the symbiotic alga.

Table 1 Characteristics of the genomic assembly of Trebouxia sp. ‘A48’
compared with Trebouxia sp. SLOO00003.

Characteristic Trebouxia sp. ‘A48'  Trebouxia sp. SLOO00003
Genome size, bp 69 092 103 63 705 246
Contig number in 20 20
nuclear genome
Contigs with telomeric 16 3
repeats on both ends
N50, Mbp 3.71 1.19
BUSCO completeness ~ 97.2% 92.8%
BUSCO duplication 0.6% 0.7%
Repeat content 12.72% 10.6%
GC (guanine-cytosine)  49.68% 50.3%
content
Number of genes 12 820 10 061
Number of proteins 14 492 9928
Source This study Aquatic Symbiosis
Genomic Project
Source type Isolate Metagenome
Accession Number PRJEB95800 PRJEB86095

Bp, base pairs.
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Materials and Methods

Strain isolation

The algal strain was isolated from a thallus of Xanthoria parietina
(L.) Th. Fr. lichen collected from an oak branch in Norwich
Research Park (Norwich, UK; 52.622991°N, 1.221588°E). We
followed the isolation procedure of Yoshimura e a/. (2002): a thal-
lus fragment was washed under a jet of water, homogenized, and
plated on solid Bold’s Mineral Medium. The plates were incubated
on a benchtop for 1 wk and then transferred to a growth chamber,
where they were incubated at 18°C with a 12 h : 12 h, light :
dark cycle at 550 pmol m™? s~ light level. After 6 wk of incuba-
tion, several algal colonies were re-plated on solid 7Trebouxia
Organic Nutrient Medium (TONM) (Yoshimura er al, 2002)
with rifampicin (the final concentration of 50 pg ml™") and car-
bendazim (40 pg ml™'). A single colony from one of the
contamination-free plates was then selected and re-plated. To bulk
the culture, we used liquid TONM medium with rifampicin
(50 ng ml™") and carbendazim (25 ug ml™"), incubated in the
conditions described above. To confirm the axenic status of the
culture, we cultured it on solid lysogeny broth (LB) medium and
incubated it for 2 d at 28°C and 37°C. The algal strain was depos-
ited at The Culture Collection of Algae at the University of
Gottingen, Germany (SAG) as SAG 2671.

Nucleic acid extraction and sequencing

For DNA extraction, we used a liquid algal culture which had
been maintained in liquid TONM medium for 25 d. We con-
centrated 100 ml of liquid algal culture by centrifugation at
3739 g for 5 min. The cell pellet was snap-frozen and freeze-
dried. We homogenized ¢. 80 mg of dried material using a
Geno/grinder at 1300 rpm for 1 min. Genomic DNA was
extracted using a NucleoBond High Molecular Weight DNA Kit
and purified using a Qiagen genomic Tip20 kit and a Circulo-
mics Short read eliminator kit with a 25-kb cut-off. A sequencing
library was prepared with a Native Barcoding Kit 24 V14 and
sequenced on a PromethION P2 Solo (P2S) device with a Pro-
methION Flow Cell FLO-PRO114M to 22.4 Gbp of raw data.
Base calling was performed with DorapO v.7.4.13. Genomic
sequencing and assembly were carried out by Future Genomics
(Leiden, the Netherlands).

In total, we produced four transcriptomic libraries. For one, we
harvested and homogenized algal material as described above. This
library was used for improving genome annotation. The three
libraries that were used for the differential gene expression analysis
were produced from algal cultures grown on solid TONM med-
ium for 2 months. Total RNA was extracted with an RNEasy
Plant Mini Kit; the mRNA library was prepared and sequenced by
Novogene on an Illumina machine to 8 Gbp of PE150 data.

Genome assembly

Draft assembly was performed with Hiriasm v.0.24.0 (Cheng
et al, 2021). We used samrtoors v.1.12 (Li et al, 2009),
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Fig. 1 Trebouxia sp. 'A48'. (a, b) Micrographs of Trebouxia sp. 'A48' cultured from an Xanthoria parietina thallus. The left panel shows bright-field
microscopy; the right panel shows Chl autofluorescence. Bar, 25 um. (a) A cluster containing mature and young Trebouxia sp. ‘A48’ cells, as well as an
autosporangium (white arrow) and a zoosporangium (green arrow). (b) Flagellated cells of Trebouxia sp. '‘A48'. (c) A thallus of X. parietina.

MiNMaP2 v.2.24-41122 (Li, 2018), METABAT v.2.15 (Kang
et al., 2019), and BLAST+ v.2.9.0 (Camacho ez 4/, 2009) to exam-
ine the contigs, including their coverage, GC content, and
BLAST matches to the NCBI nt database (Supporting Informa-
tion Fig. Sla). For the nuclear genome, we retained contigs with
GC content 48-50% and coverage 180-210x. An additional
contig with 390x coverage was identified as a hybrid, where a
fragment of the nuclear and plastid genome was fused. By exam-
ining the read mapping file, we identified the misassembly point
(Fig. S1b) and manually split the contig. To identify other cases
of misassembly resulting from telomeric repeats, we identified
and examined every instance where telomeric repeats were pre-
sent more than 500 bp away from the contig terminus. Several
similar misassembly points were thus identified and removed
(Fig. Slc). Notably, one of the contigs included in the final gen-
ome assembly had a majority of BLASTn hits to animal genomes
(Fig. Sla). We considered these hits erroneous and included the
contig in the assembly for the following reasons: (1) the contig is
over 2 Mbp long with no plausible misassembly sites and has the
same coverage depth as the rest of the nuclear genome; (2) all but
one hit to animal genomes originate from a fragment only
1300 bp long; (3) all these hits were to fish genomes, which can
plausibly be contaminated with algal sequences; (4) high-quality
hits to lichen-associated algae can be obtained from the same
region. We confirmed the completeness of the nuclear genome
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assembly using the marker gene-based BUSCO v.4.0.6 algorithm
(Seppey ez al., 2019) with the chlorophyta_odb10 database. To
align the nuclear genome assembly to the genome of 7. sp.
SL0000003 (PRJEB86095), we used MINIMAP2 v.2.24-41122
(Li, 2018) with the -x asm20 flag. The synteny plot was generated
with syntenyPlotteR (Quigley ez al., 2023).

As the mitochondrial genome failed to assemble as a single
contig, we reassembled it from reads identified as mitochondrial.
First, we extracted all reads that mapped to the group of contigs
with BLAST matches to Chlorophyta mitochondria (Fig. Sla).
We then selected the top 30 000 reads and reassembled them
using HiFiasm v.0.18.5 (Cheng ez al., 2021). A complete copy of
the chloroplast genome was recovered in the initial assembly on a
circular contig.

Genome annotation

We masked repeats using REPEATMASKER v.4.0.9 (https://www.
repeatmasker.org/) with a custom repeat library prepared with
REPEATMODELER v.2.0.3 (Flynn et 4/ 2020) from the genomic
assembly. The repeat-masked genome was then used for gene pre-
diction using the funannotate pipeline v.1.8.15 (Palmer & Sta-
jich, 2020). First, we used the funannotate ‘train’ module to train
Augustus prediction using transcriptomic data, which was
assembled within funannotate. Next, we ran gene prediction

© 2025 The Author(s).
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using Genemark-ES v.4.62 (Lomsadze er al, 2005) and the
funannotate ‘predict’ module, which collected predictions from
AUGUSTUS v.3.3.2 (Stanke & Waack, 2003), GLiMMERHMM
v.3.0.4 (Majoros et al, 2004), and SNAP 2006-07-28
(Korf, 2004). We created consensus models with EVidence
Modeler v.1.1.1 (Haas et al, 2008) and annotated tRNA with
tRNAscan-SE v.2.0.9 (Chan & Lowe, 2019). The predictions
were refined using transcriptomic data with the funannotate
‘update’ module. For functional annotations, we used InterProS-
can v.5.52-86.0 (Paysan-Lafosse ez al., 2023) and the funanno-
tate ‘annotate’ module, which collected predictions from PFAM
v.35.0 (Mistry ez al, 2021), UniProtDB v2023_01 (UniProt
Consortium, 2023), MEROPS v.12.0 (Rawlings ez al, 2014),
dbCAN v.11.0 (Yin et al, 2012), and BUSCO chlorophy-
ta_odb10 (Seppey ez al., 2019). We also annotated KEGG ontol-
ogy using KAAS webserver (Moriya et al, 2007). To detect
telomeric repeats, we used the script from Hiltunen ez a/. (2021),
with ‘CCCTAAA’ as a query. Trebouxia sp. SLO000003 genome
was annotated using the same protocol, with two modifications:
due to the lack of RNAseq data, we skipped the ‘train’ and
‘update’ modules; instead, we supplied the predicted proteome of
T. sp. ‘A48’ as evidence for the ‘predict’ module. To identify
genes involved in meiosis and syngamy, we relied on the Inter-
ProScan annotations or, in the case of HOPI, HOP2, and
MER3, we used genes from Coccomyxa subellipsoidea (Fucikova
et al., 2015) as BLAST queries. To search for gamete-specific
genes FUSI and MTD], we used sequences from Chlamydomonas
reinhardtii (AAL14635.1 and AAC49416.1). We searched both
the predicted proteome and the original pre-decontamination
assembly.

To characterize ploidy, we followed the procedure of
Ament-Veldsquez ez al. (2021). We aligned the long read data on
the nuclear genome assembly using MINIMAP2 v.2.24—41 122
(Li, 2018) and removed duplicated reads with Picarp v.2.21.2
(https://broadinstitute.github.io/picard/). We called variants
using VARSCAN v.2.3.9 (Koboldt er al, 2012) with the flags —
P-value 0.1 — min-var-freq 0.005. The results were processed
using the vcfR library v.1.15.0 (Knaus & Griinwald, 2017); only
positions with coverage depth 200-240x were considered.

For secretome prediction, we used WolfPSORT (Horton
et al., 2007), deepTMHMM (Hallgren ez al., 2022), and SIGNALP
v.5 (Almagro Armenteros et al., 2019). We considered a protein
as secreted if it has a signal peptide identified by SignalP, no
transmembrane domains identified by deepTMHMM, and the
highest probability of being secreted according to WolfPSORT.
We used CLUSTERPROFILER v.4.2.2 (Yu et al., 2012) for enrich-
ment analysis. To annotate conserved domains in the uncharac-
terized secreted proteins and to confirm that full-length domains
were present in secreted CAZymes, we used NCBI Batch search
against the Conserved Domain Database (Wang ez al., 2023).

We annotated the plastid and mitochondrial genomes using
MFannot (Lang ez al., 2023) and GeSeq (Tillich ez al., 2017). To
cross-reference the annotations with the transcriptome data, we
aligned RNA data onto the organelle genomes using STAR
v.2.5.4b (Dobin et al., 2013). The final annotations were curated
manually and visualized with OGDRAW (Greiner ¢t a/., 2019).

© 2025 The Author(s).
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Phylogenetic analysis

To provide a taxonomic assignment for the genome, we
assembled a reference set of Trebouxia internal transcribed spacer
(ITS) sequences following Muggia et al. (2020). For each of the
operational taxonomic units (OTUs), we selected at most five
representatives for which an ITS sequence was available and
added Myrmecia sp. 1 IM-2024 (PQ154957.1) as an outgroup
(Table S1). To identify ITS sequences within our genome assem-
bly and 7. sp. SL0000003, we used a BLASTn search with 7. sp.
P-121-Iled ITS (AJ969550.1) as a query. We aligned the
sequences using MAFFT v.7.271 (Katoh & Standley, 2013) and
trimmed the alignment to remove positions absent in over 20%
of sequences using trimAl v.1.2 (Capella-Gutiérrez ez al., 2009).
The maximum-likelihood phylogenetic tree was constructed with
IQ-TREE v.2.2.2.2 (Minh ez al.,, 2020) using 10 000 rapid boot-
straps. To construct a phylogenomic tree and carry out
orthogroups analysis, we combined 24 reference genomes from
the literature (Table S2) and the predicted proteomes from our
genome assembly and 7. sp. SL0000003, and analyzed them with
ORTHOFINDER v.2.5.4 (Emms & Kelly, 2019). As reference gen-
omes, we included a representative set of algal genomes across
Chlorophyta, an outgroup from Charophyta, and every species of
Trebouxia for which we had genome annotations. For T. lynnae,
which lacked publicly available genome annotations, we used
BUSCO genes identified using BUSCO v.4.0.6 (Seppey
et al., 2019) with the chlorophyta_odb10 database. Phylogenies
were visualized using iTOL v.7 (Letunic & Bork, 2024).

Horizontal gene transfer (HGT) analysis

To identify the HGT candidates reported by Beck er 4l (2015)
in the newly produced genome, we used their nucleotide
sequences (KF573967, KF573968, KF573969) as a BLAST
query against the predicted transcriptome and the complete
genomic assembly. The identified proteins were searched against
NCBI nonredundant protein (nr) and nucleotide (nt) databases
(access date 2025/04/15). We ran three searches: (1) including all
taxa; (2) excluding fungi; (3) including only Viridiplantae hits.
We collected the top 100 hits from all searches and excluded
all hits with query coverage below 75%. The remaining
protein sequences were combined with sequences from 7. sp.
SL0000003 and 7. sp. ‘A48 proteomes. We aligned the
sequences and reconstructed the phylogeny as described above.

Transcriptomic analysis

The transcriptomic libraries produced from algal culture grown
on solid medium were trimmed with cuTAaDAPT v.1.17 (Mar-
tin, 2011) to remove adaptor contamination. To remove rRNA
contamination, we first extracted rRNA operons from the nuclear
and organelle genomes by using BLASTn search with published
Trebouxia rRNA sequences (NCBI accessions: EU725860.1,
MK320925.1, KX147269.1, EU123942.1, 795383.1,
721553.1, JN847659.1) as queries. From the resulting file, we

created a custom database and filtered the libraries to remove
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matching sequences using SORTMERNA v.3.0.3 (Kopylova
et al., 2012). We complemented the transcriptomic data from
pure culture with metatranscriptomic data produced from X. par-
ietina thalli from a previous study (Tagirdzhanova ez al., 2025).
Briefly, metatranscriptomic libraries were produced from differ-
ent parts of lichen thalli and aligned to a catalogue of
metagenome-assembled genomes. For the present analysis, we
selected eight libraries (Table S3) and extracted all reads mapped
to algal genomes included in the original analysis using SAMTOOLS
v.1.12 (Li ez al., 2009). Each transcriptome library was pseudoa-
ligned to the predicted transcriptome using KALLISTO v.0.46.2
(Bray er al., 2016). We identified differentially expressed genes
(DEGs) using SLEUTH v.0.30.1 (Pimentel ez af, 2017) with two
thresholds: P,4; < 0.05 and [b-value| > 1. To identify DEGs
between different parts of lichen thalli, we controlled for the thal-
lus identity following the official sleuth tutorial (https://
pachterlab.github.io/sleuth_walkthroughs/pval_agg/analysis.html).
To identify overrepresented functions in the lists of DEGs, we
used CLUSTERPROFILER v.4.14.6 (Yu ez al., 2012).

Microscopy

To visualize the Trebouxia strain, we used a Leica SP8 confocal
microscope. Chl autofluorescence was excited at 514 nm and
detected at 675-750 nm. Images were processed in IMAGE]
(Schneider ez al., 2012).

Results

The genome sequence of Trebouxia sp. ‘A48’

Here we present a chromosome-level assembly of a Trebouxia
alga (Fig. 1a,b), which was isolated from the lichen thallus of
X. parietina (Fig. 1c). The nuclear genome consisting of 69.1
Mbp was recovered in 20 contigs, of which 16 have telomeric
repeats at both ends and likely represent complete chromosomes
(Fig. 2a, Table 1). The genome is 97.2% complete according to
BUSCO and has a duplication rate of 0.6% (Fig. 2b). Both plas-
tid and mitochondrial genomes were recovered as single circular
contigs, 320.5 and 109.5 kbp, respectively (Fig. 2c,d). Repeats
accounted for 12.72% of the genome and included chiefly LINE
elements (2.75%), simple repeats (1.82%), LTR elements
(1.42%), and unclassified repeats (5.64%). De novo annotation
of the nuclear genome produced 12 820 gene models. The gen-
ome size, repeat content, and the number of gene models are con-
sistent with recently published genome sequences of Trebouxia
(Poquita-Du ez al., 2024).

The alga was identified as belonging to the OTU 7. sp. ‘A48’
from the 7. decolorans species complex, which belongs to clade
‘A’ within the Trebouxia genus (Muggia et al., 2020) (Fig. 3a,b).
While 7. sp. ‘A48’ is not yet formally described, this OTU will
soon be proposed as T. tabarcae (P. Moya, 1. Garrido-Benavent,
pers. comm.). Our isolate is closely related to photobionts of
X lichens collected from various geographic locations; its sister
samples originated from Australia (AJ969551) and France
(AJ969562) (Nyati et al., 2014).
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Trebouxia sp. ‘A48' in the context of its genus

We compared the 7. sp. ‘A48 genome to the only other
chromosome-level assembly of 7rebouxia, T. sp. SLO000003,
which originated from a long-read metagenome of X. parietina
(Table 1). Our phylogenetic analysis recovered 7. sp. SLO000003
as another member of the 7. decolorans species complex and a sis-
ter to ‘A40” and ‘A33’ OTUs (Fig. 3b). The two assemblies exhi-
bit significant synteny. Each contig from the 7. sp. ‘A48
assembly, for example, corresponded to one contig in 7. sp.
SL0000003, with only two exceptions (Fig. 3¢). First, the 7. sp.
‘A48’ contig #1 was ‘split’ between two 7. sp. SL0000003 contigs
(0Z234913 and OZ234917), but whether this resulted from dif-
ferent genomic architectures or from fragmentation of the latter
assembly is not clear. Second, the 7. sp. ‘A48’ contig #20 did not
have a match in the 7. sp. SL0000003 genome, which might
explain the lower completeness score received by 7. sp.
SL0000003. In addition, structural changes were present in con-
tigs #5 and #12. The T. sp. ‘A48’ genome is larger, has a higher
repeat content, and more genes (Table 1).

The two genomes shared 7216 orthogroups, with 1864
families unique to 7. sp. ‘A48 and 449 unique to 7. sp.
SL0000003. However, the absence of some gene families from 7.
sp. SL0000003 might have resulted from the lower assembly
completeness. By comparing 7 sp. ‘A48’ to other Trebouxia spe-
cies, we identified 267 gene families unique to this isolate
(Fig. 3d). In total, 110 orthogroups were present in both 7. sp.
‘A48 and 7. sp. SL0O000003 and no other genomes (Table S4).
These included three orthogroups (with seven 7. sp. ‘A48’ genes)
of various protease-encoding genes, one orthogroup containing
three putative transporters with unknown functions, one pre-
dicted concanavalin A-like lectin, and one putative chitinase from
the family GH19 with a LysM domain, which is involved in
binding peptidoglycans and chitin.

Genomic evidence for life cycle characteristics of Trebouxia

Allelic frequency distribution in the genome indicates that 7. sp
A48 is haploid (Fig. 2e). While this result is consistent with the
assumption frequently made regarding lichen algae (Ferndndez-
Mendoza et al., 2011; Dal Grande et al, 2013; Greshake Tzo-
varas et al., 2020), it stands in contrast to recent reports that 7.
lynnae, another member of clade ‘A’, has a diplontic life cycle
(Gazquez et al., 2024). Similar to 7. lynnae, the genome of 7. sp.
‘A48’ encodes meiosis and mating-associated genes, including the
nuclear fusion gene GEXI, gamete fusion gene HAP2, meiotic
recombination protein DMCI, meiotic nuclear division gene
MNDI, and the meiosis-specific protein ZIP4, but not HOPI,
which was previously reported to be missing from another Tre-
bouxiales genome (Fucikovad et al, 2015) (Tables S5, S6). In
addition, T. sp. ‘A48 genome encoded the meiosis-specific gene
HOP2, which was lacking in 7. lynnae. Across the genome, we
identified 42 genes encoding flagellum-associated proteins
(Table S6).

Some Volvocine algae, including Chlamydomonas, have
well-documented heterothallism powered by sex-determining
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Fig. 2 The genome of Trebouxia sp. '‘A48'. (a) Plot showing the number, length, and GC-content of contigs comprising the nuclear genome. Black bars
represent telomeric repeats. (b) BUSCO quality scores (chlorophyta_odb10 database). The segments of the doughnut chart represent the status of BUSCO
genes: complete (green), duplicated (dark-green), fragmented (light-green), and missing (white). (c) Mitochondrial genome. The inner circle shows the
GC-content. The genes are colored according to their function; the genes shown on the inner side of the circle are transcribed clockwise; the genes on the
outside are transcribed counterclockwise. (d) Chloroplast genome. (e) Allele frequency distribution in the nuclear genome. Yellow bars represent minor
allele frequency; brown bars represent major allele frequency. We removed positions within repeat elements and those outside of the coverage depth
window 200-240x. The graph only shows allelic distributions between 0.03 and 0.97.

regions located on UV sex chromosomes (Yamamoto et al,
2021). However, nothing is known about possible mating types
in trebouxiophycean algae. We therefore searched the 7. sp.

© 2025 The Author(s).
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‘A48’ genome for mating-type specific genes using sequences
from C. reinhardtii, but failed to locate both MT+ specific FUS1
and MT- specific MTDI. The genome encodes five RWP-RK
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transcription factor genes (Table S5), which are implicated in sex
determination in diverse chlorophyte algae (Coelho ez al., 2018),
but their roles remain unclear.

Genes involved in carbon-concentrating mechanisms in
Trebouxia

Carbon-concentrating mechanisms (CCMs) provide a strategy
for increasing photosynthesis efficiency. In land plants, CCM
exists in the form of crassulacean acid metabolism (CAM) and
C4 metabolism, while eukaryotic algae mostly possess CCMs
based on active uptake of HCO;~ or CO, (Maberly & Gon-
tero, 2017). In chlorophyte algae, CCM relies on pyrenoids,
which are organelles residing in chloroplasts. Not all lichen
photobionts possess CCM, and their presence or absence can
influence the geographic ranges of lichen species (Koch
et al., 2023). Pyrenoids are present in 77ebouxia algae, and their
morphology has long been used as a diagnostic trait for distin-
guishing between different species (Bordenave er al, 2022). In
the genome of Trebouxia, we found both key gene groups
involved in pyrenoid-based CCM (He er al, 2023):
bestrophin-like channels, which transport HCO; ™ into the thyla-
koid lumen, and carbonic anhydrases, which catalyze conversion
between CO, and HCO;~ (Table S6). Three putative
bestrophin-like channel genes (GTX0536PRED_011525-T1,
GTX0536PRED_011526-T1, and GTX0536PRED_011527-
T1) were located next to each other on contig GTX0536_17,
separated by only 1534 and 2539 bp, respectively. While two
modes of CCM are identified in Chlamydomonas reinbardti, we
were able to find genes associated with only one. Namely, active
chloroplast HCOj3;™ uptake, which in C. reinhardtii only occurs
in very low CO, conditions (He ez al, 2023). In the Trebouxia
genome, we found genes similar to transporters HLA3 and LCIA,
which move HCOj;™ across the plasma membrane and the chlor-
oplast envelope, respectively (Table S6).

In addition, we found multiple genes involved in C4 metabo-
lism, the CCM of land plants. These genes included phosphoe-
nolpyruvate  carboxylase  (PEPC),  phosphoenolpyruvate
carboxykinase (PCK), and others (Fig. S2), consistent with a pre-
vious report on Trebouxia (Alberola, 2015). However, these
genes are widespread across many eukaryotes, including nonpho-
tosynthetic lineages, and their presence alone cannot indicate C4
metabolism (Chi ez al., 2014).
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Horizontally transferred genes in Trebouxia

We confirmed two instances of ancient horizontal gene transfer
(HGT) from fungi to the 7. sp. ‘A48 genome. Previously, Beck
et al. (2015) reported three putative HGT candidates from a
T. decolorans genome. We were able to find two of them in the
T. sp. A48 genome sequence: an oxidoreductase-like gene
(GTX0536PRED_004195) and a SLAC anion channel/TDT
transporter-like gene (GTX0536PRED_006449). Since many
more algal genomes are available now compared with the date of
the original publication, we decided to proof-test the HGT
reports. This yielded results largely consistent with Beck
et al. (2015). When searched against the NCBI nr and nt data-
bases, the sequences returned mostly fungal hits (Fig. 4a,
Table S7). For comparison, we analyzed two genes immediately
upstream of the HGT candidates, which returned no fungal hits
at all (Fig. 4b). In the phylogenies, both candidate HGT genes
were recovered in chlorophyte clades nested within the larger fun-
gal clade (Fig. 4c,d). In both cases, the sequences were recovered
not in the lecanoromycete clade, as would be expected for a
mycobiont-to-photobiont HGT, but in the basal part of the fun-
gal clade, which indicates a more ancient transfer. The genome
also encodes two enzymes from the CAZy family GHS8
(Table S5), which were recently revealed as potentially horizon-
tally transferred to Trebouxiophyceae from bacteria (Puginier
et al., 2024).

Secretome of T. sp. ‘A48" is enriched in hydrolases and
redox enzymes

Algal secreted proteins have been implicated in both symbiosis
and the desiccation response of Trebouxiophyceae algae (Arma-
leo et al., 2019; Gonzalez-Hourcade er al., 2021). Using three
bioinformatics tools (SignalP, deep TMHMM, and WolfP-
SORT), we identified 103 proteins as being putatively secreted
by Trebouxia (Fig. 5a). The secretome size is consistent with that
reported from other Trebouxiophyceae (Gonzalez-Hourcade
et al., 2021). Several functional groups were overrepresented in
the secretome, including hydrolases and redox proteins (Fig. 5b).

Fungal lectins have long been hypothesized to play a role in
lichen symbiont recognition and adhesion, but less is known
regarding photobiont-produced lectins (Singh & Walia, 2014).
We found that carbohydrate-related proteins, including enzymes,

Fig. 3 Evolutionary context of Trebouxia sp. '‘A48'. (a) Species tree generated with Orthofinder using the STAG algorithm based on 328 universal
orthogroups. Trebouxia sp. ‘A48' is shown in red; the metagenome-assembled genomes of Trebouxia from Xanthoria parietina lichens are shown in

orange. The genomes from the literature are listed in Supporting Information Table S2; the tree in Newick format can be found on GitHub (https://github.
com/metalichen/2025-Trebouxia-genome). (b) Internal transcribed spacer (ITS)-based maximum-likelihood phylogeny of Trebouxia. Only a portion of the
tree is shown; the entire tree in Newick format can be found on GitHub (https://github.com/metalichen/2025-Trebouxia-genome). The sequences used in
the analysis are listed in Table S1. T. sp. ‘A48" is shown in red; other Trebouxia from Xanthoria species are shown in orange (only shown for the T. decolor-
ans clade). The clades are labeled with the operational taxonomic unit (OTU) names as defined by Muggia et al. (2020). Dots represent bootstrap support
> 95%. (c) Synteny between the genomes of T. sp. ‘A48’ and the metagenome-assembled genome of T. sp. SLOO00003 isolated from an X. parietina
metagenome. (d) Upset plot showing the intersection of orthogroups between Trebouxia species. We excluded from this graph the metagenome-
assembled genomes from Tagirdzhanova et al. (2025), as they had lower completeness, and T. sp. TZW2008, T. lynnae, and T. gelatinosa, for which we
had only BUSCO annotations. Only the top 20 sets are shown.
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accounted for 17% of the predicted secretome. The secretome
contained one endochitinase-like glycoside hydrolase, for exam-
ple, which might target fungal cell walls. Seven secreted proteins
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were also predicted to bind carbohydrates; those included three
expansin-like proteins, two of which also contained an RlpA-like
domain, a Ricin B lectin-like and a fucolectin-like protein. Three
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alpha-mannosyltransferases from CAZy families GT32, GT64,
and GT71 were also detected, which is notable given the abun-
dance of alpha-mannans in lichen thalli (Spribille ez 2/, 2020).

As oxidative stress accompanies desiccation, lichen symbionts
possess mechanisms for protection against reactive oxygen species
(ROS) (Kranner et al., 2003). Among the redox proteins from
lichen algae, one predicted secreted protein has previously been
implicated in the desiccation response (Gonzilez-Hourcade
et al., 2021). In the secretome, we identified several proteins simi-
lar to cupredoxin, thioredoxin, and manganese/iron superoxide
dismutase (Table S8). The secretome also contained several
germin-like proteins, which might potentially be involved in
ROS production. Whether these proteins are indeed involved
in ROS production or response, or play another role, remains
unclear. Notably, the secretome also contained two proteins
annotated as antifreeze protein 1-like (Fig. 5). This functional
family was originally described from marine animals, and while
similar proteins appear in chlorophyte algae (e.g. Cre09.g398150
in C. reinhardtii), their role remains unknown.

Among the functionally characterized secreted proteins, many
shared annotations with gene families identified by Puginier
et al. (2024) as associated with lichenization in chlorophyte algae.
These included ferritin, fucolectin, and cupin-like proteins. In
general, the contents of the predicted secretome appeared rather
conserved when compared with other Trebouxia species. Nearly
half of the predicted secreted proteins (7 = 46), for example,
were encoded by genes from orthogroups shared between all eight
surveyed genomes. The conserved portion of the secretome
included 59% of all functionally characterized proteins and all
but one predicted hydrolase. By contrast, nine proteins were
encoded by genes from orthogroups unique to 7. sp. ‘A48’, only
one of them had a leucine-rich repeat domain, and the rest lacked
functional annotation. One additional secreted protein belonged
to an orthogroup unique to 7. decolorans species complex; it too
had no functional annotation.

More than half of the predicted secreted proteins (72 = 53)
lacked any functional annotation that we could assign using stan-
dard databases, such as CAZy, MEROPS, UniProt, Pfam, or
InterProScan (Table S8). This problem occurs in studies of secre-
tomes of various organisms, presumably due to a rapid evoluton
of secreted proteins (Jackson ez al, 2006; Brown et al, 2012;
Nogueira e al, 2012). The uncharacterized secreted proteins were
shorter than average (Fig. S3a). Over 75% (7 = 44) belonged to
the category of small secreted proteins (SSPs), as their sequences
were shorter than 300 amino acids. By contrast, proteins of < 300
amino acids accounted for 52% (» = 26) of annotated secreted
proteins and only 38% of proteins across the predicted proteome.
Twelve secreted proteins were cysteine-rich (defined as > 5%
cysteine), which is commonly observed in secreted proteins with
antimicrobial functions (Silverstein et al, 2007). Two of the
secreted cysteine-rich proteins contained cellulose-binding domains
(IPR000254); the rest were uncharacterized (Fig. S3b). By search-
ing the uncharacterized secreted proteins against the Conserved
Domain Database, we were able to add annotations to nine addi-
tional proteins, including hits to the Chil superfamily (chitinases)
and Stigl superfamily (a plant signaling protein, Table S8).

New Phytologist (2026) 249: 1036-1052
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Gene expression in lichen thalli and axenic culture

To showcase the use of the genome of 7. sp. ‘A48’ for lichen
functional research, we used it as a reference in transcriptomic
analysis. We compared algal gene expression in aposymbiotic cul-
tures grown in nutrient-rich medium and within symbiotic intact
lichen thalli. We combined transcriptomic data produced de novo
from cultures with the algal portion of metatranscriptomic
libraries generated in our previous study (Tagirdzhanova
et al., 2025). All libraries had a similar percentage of reads
mapped to the reference (Fig. 6a). While the culture samples
grouped together, samples produced from different lichen thalli
differed substantially (Fig. 6b), mirroring previous observations
of mycobiont gene expression (Tagirdzhanova ez al., 2025).

We identified 755 DEGs, of which 570 were upregulated in
culture and 185 in lichen thallus (Tables S9, S10). Transcripts
assigned to Gene Ontology (GO) terms relating to translation
were overrepresented among both culture and lichen thallus
upregulated genes (Fig. 6¢,d). Transcripts associated with photo-
synthesis were overrepresented in the lichen thallus-upregulated
list, consistent with our expectations: because the axenic culture
was grown on nutrient-rich medium, suppression of photosynth-
esis would be expected from a mixotrophic alga. Two genes
encoding pyrenoid-associated carbonic anhydrases were also
upregulated in lichen thalli. At the same time, the culture
exhibited signs of stress, as DNA repair GO terms were overre-
presented. This observation was also confirmed by culture-
overrepresented InterProScan domains, which included multiple
heat shock proteins (Fig. S4). Five transcripts encoding
putatively secreted proteins were differentially expressed: three,
including a cupin, were upregulated in culture, and two,
including a ferritin, were upregulated in lichen thalli. Only one
flagellum-associated  gene  was  differentially  expressed:
GTX0536PRED_006965 (Intraflagellar transport protein 20)
was upregulated in culture. Contrary to our expectations, genes
associated with reproduction and cell division were not identified
as statistically significantly upregulated in culture. At the same
time, numerous meiosis-associated genes, including meiotic
nuclear division protein 1 and meiosis-specific cohesion protein
RECS, showed higher levels of expression in culture across all
samples (Table S6). The meiotic recombination protein
gene DMCI was expressed only in culture. The majority of
flagellum-associated genes showed low levels of expression in at
least one lichen sample, suggesting that these genes might be
expressed in nonflagellated cells as well.

Short-chain dehydrogenase/reductases (SDRs) were previously
linked to the biosynthesis of ribitol, the compound channeled
from Trebouxia to the mycobiont (Puginier ez al, 2024). Four
SDRs were upregulated in the lichen thallus. Among the genes
upregulated in the lichen thallus, we also found a protein with a
sugar phosphate transporter domain (IPR004853). By contrast,
among the culture-upregulated genes, we found two putative
sugar/polyol transporters (IPR003663) as well as two amino acid
transporters and one ammonium transporter (Table §9). These
transporters could be involved in nutrient uptake from the cul-
ture medium.

© 2025 The Author(s).
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Fig. 4 Predicted instances of horizontal gene transfer (HGT) in the Trebouxia sp. ‘A48’ genome. (a, b) Results of a BLAST search to the NCBI nt and nr
databases for the HGT candidates (a) and their neighboring genes (b). Each dot represents a hit, positioned based on the taxonomy of the subject sequence
and the percent identity of the hit. Only hits with the query coverage above 75% are shown. (c, d) Phylogenetic trees derived from a maximum-likelihood
analysis of homologues for the HGT candidates GTX0536PRED_004195 (c) and GTX0536PRED_006449 (d). Dots represent bootstrap support > 90%.
The trees in Newick format can be found in GitHub (https://github.com/metalichen/2025-Trebouxia-genome). The sequences used in the analysis are
listed in Supporting Information Table S7.

The lichen samples included in this analysis represent four =~ many DEGs. In total, we found four transcripts that were upre-
pairs, each produced from an individual thallus and each includ-  gulated in the edge, although all showed low |b-value| (analogous
ing a sample from the older central part and the younger edge to log fold change) (Table S11). Notably, three out of four edge-

part of the thallus (Table S3). This sampling allowed us to com-  upregulated genes shared the same InterProScan annotation and
pare gene expression between the edge and center while control-  putatively encoded Chla—4 binding proteins, which are a compo-
ling for thallus identity. Perhaps owing to the great degree of  nent of the light-harvesting complex. The transcripts showed low
variation between individual thalli, this analysis did not yield  sequence similarity, making artifacts of cross-mapping unlikely,
© 2025 The Author(s). New Phytologist (2026) 249: 1036-1052
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Fig. 5 The predicted secretome of Trebouxia sp. ‘A48'. (a) Composition of the photobiont secretome. The 103 secreted genes were predicted in silico and
grouped based on their functional annotation. LRR, leucine-rich repeat; CAZyme, carbohydrate-active enzyme. (b) Enrichment analysis showing
InterProScan domains overrepresented in the secretome. The size of the dots represents the number of proteins; the color represents P,q-value calculated

using ClusterProfiler.

and overall levels of expression within the normal range (Fig. S5).
In each sample pair, these genes were more highly expressed in
the edge compared with the center.

Discussion

Lichen symbioses constitute a wide array of associations between
vastly different fungi and photosynthetic organisms united by a
similar outcome in the complex form of a multicellular lichen
thallus (Spribille ez a/., 2022). The body plans of lichen thalli are
anatomically complex, stable, and consistently reproduce over
generations, implying the existence of some form of developmen-
tal program. Yet, remarkably, they result from the association of
morphologically simple fungal, cyanobacterial, or algal partners.
The complexity of partners in lichens is also increasingly appar-
ent with the consistent presence of bacteria and nonmycobiont
fungi reported from several lichens, including X. parietina (Hod-
kinson & Lutzoni, 2009; Grimm et al., 2021; Leiva et al., 2021;
Tagirdzhanova et al., 2024, 2025). However, the majority of bio-
mass in a lichen is typically represented by a major mycobiont
fungus and a photosynthetic partner. In this regard, Trebouxia
algae play a prominent role in lichen biology as a whole because
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they participate in the most species-rich groups of lichens,
formed by mycobionts from orders Lecanorales, including Par-
meliaceae, Caliciales, and Teloschistes, and are also paired with a
diversity of mycobionts from classes Lecanoromycetes, Lichino-
mycetes, Arthoniomycetes, and Eurotiomycetes (Sanders &
Masumoto, 2021). Investigating the biology of Trebouxia is
therefore pivotal to understanding lichen physiology and devel-
opment.

In this report, we generated a chromosome-level assembly of
the genome of 7. sp ‘A48’ from the 7. decolorans species complex
(soon to be described as T. tabarcae; P. Moya, 1. Garrido-
Benavent, pers. comm.). This group of species is primarily asso-
ciated with the mycobionts of the Teloschistales order, but is also
reported from lichens formed by Lecanorales and Caliciales fungi
(Dal Grande et al., 2014; Werth & Sork, 2014). We used the
genome to investigate the evolutionary history of the alga and its
relationship with its fungal partner. We have confirmed two
instances of ancient horizontal gene transfer from a fungal origin
and also profiled the predicted secretome of the alga. We identi-
fied genes likely to play a role in carbon concentration — an
important physiological mechanism that allows algae to with-
stand low CO, conditions. CCM appears especially important

© 2025 The Author(s).
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for lichens exposed to direct light and liquid water (Koch
et al., 2022), which is often the case for X. parietina. Some of the
CCM-associated genes were upregulated in the lichen thalli, con-
sistent with higher rates of photosynthesis compared with growth
in axenic culture, yet many have consistently high levels of
expression across all studied samples. The presence of CCM in
Trebouxia might therefore be one of the reasons for its prevalence
in lichen symbioses.

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

Fungal secreted proteins play a crucial role in both mutualistic
and parasitic relationships (Lowe & Howlett, 2012), and lichen
fungi are likely no exception (Snelders er al., 2022; Tagirdzha-
nova et al., 2025). Predicted effector proteins are, for example,
found in X. parietina and potentially deployed by the mycobiont
during lichen development, perhaps to manipulate its photobiont
partner. Much less is known, however, about the secretomes of
chlorophyte algae, but existing studies suggest that algae secrete
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proteins through both conventional and unconventional exocyto-
tic pathways, and that their secretomes are dominated by extra-
cellular enzymes (Xiao & Zheng, 2016; Choi ez al, 2021). A
recent study used proteomics and genomics to profile secretomes
of two lichen algae, including 7. lynnae (Gonzilez-Hourcade
et al., 2021). T. sp ‘A48’ has a similar secretome profile to 7. lyn-
nae, and both secretomes contain lectins and CAZymes poten-
tially involved in symbiotic interactions or cell adhesion.

Our results also provide evidence that 7. sp ‘A48’ is haploid
and capable of sexual reproduction, as its genome encodes all key
genes required for meiosis and mating. These genes appear to be
expressed, and while many have higher levels of expression in cul-
ture, the majority showed at least low levels of expression in
lichen thalli as well. At the same time, it is unclear to what extent
sexual reproduction occurs in nature. Marker-gene-based analysis
of the genetic structure of X. parietina photobionts showed low
admixture rates, consistent with 7. decolorans existing primarily
as a clonal organism (Wyczanska ez al., 2023). Notably, while
examining the 7. sp. ‘A48’ culture, we detected flagellated cells
highly similar to those identified as gametes in 7. lynnae (Gaz-
quez et al., 2024) (Fig. 1b), which is consistent with the presence
of flagellum-associated genes in the 7. sp. ‘A48’ genome. How-
ever, these cells might represent not gametes but asexual zoos-
pores, as both types of flagellated cells are reported from
Trebouxia (Boccato et al., 2025). In the absence of flow cytome-
try data, our results should be treated as preliminary with regard
to the ploidy of this strain.

Provided with the newly produced genome of the X. parietina
photobiont, we were able to analyze the algal component of X.
parietina metatranscriptomic data that we generated previously
(Tagirdzhanova ez al., 2025). We compared algal gene expression
in intact lichen thalli to aposymbiotic axenic algal cultures grow-
ing on nutrient-rich media typically used for culturing Trebouxia,
as Trebouxia has long been known as a mixotroph (Fox, 1967).
In our data, the switch to heterotrophic growth is reflected in the
suppression of photosynthesis-related genes that we observed in
culture. Notably, some of the same photosynthesis-related genes
were also upregulated in Trebouxia in the younger, actively grow-
ing part of the lichen thallus compared with the older central
part. The high degree of variation between individual thalli has
complicated our analysis but did highlight the likely difference in
photosynthetic activity. Several genes from the group of SDR
enzymes previously linked to ribitol biosynthesis (Puginier
et al., 2024) were upregulated in lichen thalli, which can be seen
as indirect evidence confirming their role in the lichen symbiosis.
Future work on more targeted profiling of gene expression in dif-
ferent parts of a lichen thallus might shed light on the photobiont
contribution to symbiotic architectures and the mechanisms pre-
venting division of photobiont cells in older, mature parts of a
lichen body (Honegger, 1993).

HGT has been posited as one of the drivers of lichenization
in green algae (Puginier ¢t al, 2024; Mariault ez al., 2025). Nota-
bly, one of the identified horizontally transferred genes,
GTX0536PRED_004195, belongs to the same group of SDR
enzymes linked to ribitol biosynthesis. This gene was expressed at
variably high levels in samples from both culture and lichen
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thalli, yet we cannot rule out that it plays a role in the symbiotic
interactions. The other gene, GTX0536PRED_006449, is an
anion channel with unknown function. By contrast, it was highly
expressed in culture and missing from lichen thalli. Similar anion
channels are present in various groups within the green lineage,
including chlorophyte algae, and are linked to abiotic stress
response (Jiang et al., 2022). Given that the gene expression of
the samples from culture showed other signs of stress, we can
hypothesize that GTX0536PRED_006449 plays a role in allow-
ing the alga to withstand exposure to harsh conditions.

Arguably, the main obstacle to understanding the lichen sym-
biosis is our inability to recreate the symbiosis from its constitu-
ent parts under controlled conditions. Lichen studies instead
most often rely on natural lichen thalli collected from the field,
which inevitably introduces a wide array of variables beyond
researchers’ control. One such factor is the identity of symbionts,
which can vary between individual lichen thalli and often resem-
bles a rotating cast of players rather than a straightforward one-
to-one relationship (Spribille ez al, 2022). Lichen mycobionts
tend, for example, to associate with several closely related photo-
biont lineages, while one algal genus often associates with a wider
variety of mycobionts (Sanders & Masumoto, 2021). The
mechanisms for lichen symbiont recognition, however, remain
largely unknown. In this study, we compared the genomes of two
Trebouxia photobionts of X. parietina lichens. Despite belonging
to different candidate species, the two genomes were similar in
both genomic structure and gene content. We attempted to iden-
tify the key features of the two genomes that distinguish them
from other Trebouxia species that are not known from Xanthoria
lichens. Among the genes present in both genomes but not found
in any other studied 77rebouxia, two candidates encoded proteins
that can selectively bind polysaccharides, hinting at a potential
role in symbiont recognition. Neither of these gene products was,
however, identified as secreted, although it is possible that they
are secreted through unconventional routes. Given that the X.
parietina symbiosis is established de novo every generation from
its constituent fungal and algal partners, the photobiont composi-
tion is remarkably consistent across the wide geographic area
inhabited by this lichen. The ITS sequence of our UK-originated
strain was, for instance, nearly identical to those of X. parietina
photobionts from France and Australia, and highly similar to
those from North America. Given this degree of conservation,
the genome sequence generated here may provide a valuable
reference for studies on X. parietina regardless of the geographic
location of collected lichens.

In summary, we set out to produce a reference genome for the
photobiont of X. parietina, which can be considered a model
lichen symbiosis. With an N50 of 3.7 Mbp and 16 contigs out of
20 likely representing telomere-to-telomere chromosome assem-
blies, this genome is, to our knowledge, the most contiguous and
complete genome of a lichen alga currently available. The corre-
sponding algal strain is available to the community and can be
obtained via the SAG algal culture collection as SAG 2671. We
hope that together these resources will aid research into chloro-
phyte algae genomics and evolution, as well as experimental stu-
dies of the lichen symbiosis.

© 2025 The Author(s).
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Fig. S1 Assembly of Trebouxia sp. ‘A48’ genome.

Fig. 82 Metabolic map showing genes involved in carbon fixa-
tion and C4 metabolism.

Fig. S3 Uncharacterized and characterized portions of the secre-
tome in comparison to the proteome.

Fig. S4 Enrichment plots showing InterProScan domains
enriched in genes upregulated in: A. Lichen thalli. B. pure 77e-
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Fig. S5 Differential gene expression between thallus parts.
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