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Abstract Intimate and long-lasting relationships of fungi and
algae have been known for centuries by scientists, and these
ancient symbioses might have provided excellent opportuni-
ties for horizontal gene transfer (HGT) of protein encoding
genes between the two organismal partners. In this study, we
sequenced and assembled 451 Mbp of novel genomic DNA
from Trebouxia decolorans (Trebouxiaceae, Chlorophyta),
the green algal photobiont of the lichen Xanthoria parietina
(Teloschistaceae, Lecanoromycetes, Ascomycota). This alga
also occurs as a free-living terrestrial organism. The aim of our
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work was to search for candidate genes pointing to HGT
between lichenized fungi and lichen algae. We found evidence
for three putative HGT events of fungal genes into the
Trebouxia genome, but these are likely more ancient (over
600 mya) than the origin of lichenization within the fungal
Ascomycetes. The three transferred genes are part of gene
groups that in other species encode a tellurite-resistance
dicarboxylate transporter (TDT) family protein, a class-1
nitrilase/cyanide hydratase (CH), and an oxidoreductase/
retinol dehydrogenase. In each case, our phylogenomic anal-
yses show orthologs from Trebouxia as sister to orthologs
from all fungi or basally placed within Ascomycetes, while
the orthologs from green algae and land plants form separate,
independent evolutionary lineages. Alternative hypothesis
tests significantly support these HGT events. The presence
of these genes in Trebouxia was validated by PCR amplifica-
tion of separately isolated 7rebouxia DNA. The ancient incor-
poration of fungal genes in the genomes of these particular
green algae are intriguing and could be early evidence for
symbiotic and co-evolutionary relationships among the major
eukaryotic branches of algae and fungi present in early terres-
trial life on Earth. These genes could have played a pre-
disposition role for some fungi and algae in the origin of
lichen symbiosis, but further studies are needed to evaluate
this in detail.

Keywords Ascomycota - Chlorophyta - Evolution -
Horizontal gene transfer - Genome - Lichen - Symbiosis

Introduction
Horizontal gene transfer (HGT) involves the transfer of ge-

netic material from one organism to another, belonging to
separate evolutionary lineages (Andersson 2005; Keeling
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and Palmer 2008). HGT has played an important role in the
evolution and diversification of prokaryotes (Doolittle et al.
2003; Gogarten et al. 2002); however, the extent of HGT in
the macroevolution of eukaryotes remains unclear (see
Andersson 2005; Keeling and Palmer 2008). Recent genomic
studies have shown HGT between fungi, bacteria and fungi,
and also between fungi and plants (Fitzpatrick 2012; Marcet-
Houben and Gabaldon 2010; Richards et al. 2009; del Campo
et al. 2009; Slot and Hibbett 2007). HGT has also occurred
between (micro-)organisms with close associations such as
hosts and their parasites and microbial prey and their predators
(Loftus et al. 2005; Richardson and Palmer 2007). Even if the
number of known eukaryotic HGT events (including fungi) is
small, these events might have had considerable impact on
functional innovations and adaptation to specific ecological
niches, e.g., the ability to grow under anaerobic conditions or
in the rumen of herbivorous mammals or have importance for
the use of fungi by humans like in wine fermentation (see
Fitzpatrick 2012 and references therein). For example, carot-
enoid synthesis in pea aphids, green peach aphids, and the
two-spotted spider mite is feasible owing to HGT of caroten-
oid biosynthesis genes from fungi into the arthropod genomes
(Altincicek et al. 2011; Moran and Jarvik 2010). HGT also
facilitated the evolution of plant parasitic mechanisms in
Oomycetes (Richards et al. 2011), and the HGT of catalase
genes into the fungal pathogenic species Nosema locustae,
Stagonospora nodorum, Mycosphaerella fijiensis and Botrytis
cinerea helped to overcome host defense mechanisms
(Marcet-Houben and Gabaldon 2010). Similarly, polyketide
synthase genes are crucial in the production of a large portion
of secondary lichen substances and are a result of HGT
between bacteria and lichen fungi (Schmitt and Lumbsch
2009). The possibility of DNA transfer between lichen
mycobionts and photobionts has been suggested previously
(Ahmadjian et al. 1991), but so far no evidence has been
presented for this. Among lichen algal photobionts, HGT of
group | introns between species of Trebouxia has been report-
ed (Friedl et al. 2000), and explained by the occurrence of
viruses which may play a role in facilitating intron mobility
(Friedl and Bhattacharya 2002).

Trebouxia is the most common green algal lichen
photobiont (Friedl and Biidel 2008; Tschermak-Woess
1988). They have their largest populations when living in
lichen symbiotic systems, but at least some species are known
to occur free-living (Beck et al. 1998; Bubrick et al. 1984;
Tschermak-Woess 1978), but note the questioning of this fact
by Ahmadjian (1988). One of these non-obligate lichen
photobionts is Trebouxia decolorans, the symbiont of
Xanthoria parietina, and was used in this study. Trebouxia is
type genus of the green algal class Trebouxiophyceae, a
family forming the core of the Chlorophyta together with the
mainly marine Ulvophyceae and fresh-water Chlorophyceae.
The chlorophytes are sister to the Streptophyta, which
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includes the land plants, and together they form the green
plant lineage of the eukaryotes (Leliaert et al. 2012).

The stem lineage of the green plants is estimated to have
originated around 1-1.5 billion years ago (Yoon et al.
2004), and this is supported by fossil evidence of its sister
group, the red algae, from the same time frame (Knoll
2014). Core chlorophytes evolved from marine planktonic
ancestors, and estimates show their divergence from other
green algae around 700-900 million years ago (mya)
(Leliaert et al. 2011, 2012). Therefore, the Trebouxiophy-
ceae, despite highly nested within the green plant clade, is
likely a very ancient, pre-Cambrian group. The origin of the
fungal stem lineage has a similar age estimate as the green
plant lineage (i.e., about 1 billion years ago) and within the
fungi, the two phyla Ascomycota and Basidiomycota are
estimated to have diverged around 650 mya in the Protero-
zoic (Liicking et al. 2009). Lichen fungi are mostly mem-
bers of the Ascomycota, and they do not form a monophy-
letic clade, i.e., lichen symbiosis has evolved several times
independently within the fungi, but large non-symbiotic
fungal groups have evolved from lichen-forming ancestors
as well (Lutzoni et al. 2001). Dating of the ages of Asco-
mycota lineages using molecular clock methods has been
problematic due to the lack of satisfactory fossils that can
be used as calibration points of phylogenetic branches.
Still, recent studies suggest an initial diversification of
ascomycetes in the Ordovician (around 460 mya), followed
by additional divergences later throughout the Phanerozoic
(Beimforde et al. 2014; Prieto and Wedin 2013). The diver-
gence of Lecanoromycetes (containing the majority of li-
chen fungi) from the Eurotiomycetes is estimated to early
Carboniferous (about 350 mya; Beimforde et al. 2014).
Geologic data indicates very ancient fungal-algal relation-
ships, through fossils from as early as the Proterozoic
Ediacaran geologic period from southern China (about
600 mya) and the Lower Devonian Rhynie chert in Scotland
(about 400 mya old; Honegger et al. 2013; Taylor et al. 1995,
1997; Yuan et al. 2005). In these fossils, fungal hyphae have
invaded colonies of coccoid cyanobacteria or unicellular
algae, thereby establishing an interface between fungal and
algal cells that provided a possible venue for exchange of
genetic material between eukaryotic organisms.

Fungi often form conjoint relationships with algae by de-
veloping microbiotic soil crusts (Belnap et al. 2001) or
biofilms (Lappin-Scott and Costerton 2003). Some of these
close associations have resulted in the formation of symbiotic
organismic entities called lichens, a stable cohabitation of at
least one fungal (mycobiont) and one algal or cyanobacterial
(photobiont) organism and often including additional
endolichenic fungi and bacteria, all together forming self-
contained miniature ecosystems (Grube et al. 2012; Honegger
2012; Nash 2008). Lichens are extremely successful and
represented in almost all terrestrial habitats from tropical to
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polar regions and from sea shores to high altitudes (Seaward
2008). The basis of the lichen symbiosis is still unclear and
viewpoints range from mutualism to parasitism (e.g.,
Ahmadjian 1993; Grube and Hawksworth 2007; Molina
et al. 1993; Peveling 1988). More than a hundred years after
the discovery of the symbiotic nature of lichens by
Schwendener (1867), many basic questions regarding their
biology remain unanswered. One of these is how the sophis-
ticated interplay between myco- and photobiont is achieved in
order to produce intricate and morphologically different struc-
tures such as the leafy or fruticose lichens. Genetic control
(e.g., protein signaling) seems necessary, because extracellular
communication without physical cellular contact has been
shown to occur between lichen symbionts (Bubrick et al.
1985; Molina et al. 1998; Sing and Walia 2014). Moreover,
interaction within a lichen symbiosis system is accompanied
by changes in gene regulation and expression in both the
photobiont and mycobiont (Joneson et al. 2011; Trembley
et al. 2002). Of particular interest are lichenized algae, which
provide carbohydrate to the fungus (e.g. Eisenreich et al.
2011, Nash 2008) and therefore could be heavily influenced
by fungal-derived genes to facilitate this process and thereby
enhance the symbiosis. We, therefore, purposefully selected
an alga from a lichen symbiotic system to investigate HGT.

In lichens, the fungal species is always unique to each
species, but the algal component can often be found in several
lichen species, i.e., the alga does not show strict coevolution-
ary host-specificity, and as mentioned earlier, can sometimes
survive without a fungus (Bubrick et al. 1984; Tschermak-
Woess 1978). Our photobiont study organism, 7. decolorans
Ahmadjian, is a green algae isolated from the lichen
X. parietina (L.) Beltr., a member of Teloschistaceae
(Lecanoromycetes, Ascomycota). 7. decolorans has also been
reported to be the photobiont of lichens from several other
fungal families, such as Lecidiaceae, Parmeliaceae, and
Physciaceae (Beck et al. 1998; Beck and Mayr 2012; Friedl
et al. 2000; Helms et al. 2001).

For all genes, three possible scenarios were considered (1)
no evidence of HGT, (2) evidence of relatively recent transfer
from fungi to algae, or (3) evidence of ancient transfer from
fungi to green plants. Given the relatively large extent of HGT
also in eukaryotes, we expected to find at least some HGT
from lichenized fungi or their immediate ancestors to the
photobiont algae (7rebouxia; scenario 2) and that this would
be found when genomic data from photobiont algae were
sequenced and compared with a wide array of eukaryotic
genomes. This would be shown as an evolutionary pattern of
a highly nested algal gene inside clades of lichenized fungal
genes in a phylogenomic analysis. To test this hypothesis, we
partially sequenced the genome of Trebouxia and compared
its inferred genes with a large genomic database of many other
eukaryotes, bacteria, and Archaea, and the result is presented
in this study.

l GfBS

Materials and methods
Materials

Genomic DNA was isolated from 7. decolorans, the
photobiont of X. parietina (collected by A. Beck at Maising,
Bavaria, Germany on 15 October 2005; Herbarium voucher:
M-0102151, strain AB05.019B2). The photobiont was isolat-
ed using a micro-manipulator as described in Beck and Koop
(2001) and was grown axenically in % TOM medium
(Ahmadjian 1967). The identity of the isolated photobiont
was validated by comparing the complete internal transcribed
spacer (ITS1 and ITS2) sequence, including 5.8S ntDNA, of
the nuclear ribosomal (nr)DNA, from the isolate with that of
homologs identified in a total DNA preparation from the
thallus that was used to establish the photobiont culture. The
obtained algal ITS sequences were identical and proved to be
at least 99 % identical to T_ decolorans sequences deposited in
GenBank as verified by a megablast search. One gram of algal
culture was harvested and the DNA was isolated using a
FastDNA kit following the manufacturer’s protocol (MP-Bio-
medical, Illkirch, France). From the extracted DNA, about
10 ug of total DNA was used to construct a library (sheared
DNA fragments were around 500 bp size) for 100x100 bp
paired-end sequencing using an Illumina GAIIx in the
Bhattacharya lab (Rutgers University). Standard Illumina pro-
tocols (http://www.illumina.com/) were used to generate the
library.

Assembly and phylogenomic analyses

[lumina reads were assembled to contigs using the CLC
Genomics Workbench (http://www.clcbio.com/). Genes were
predicted on a subset of these contigs (length>=250 bp or
average coverage depth>=5x) using Augustus (Stanke and
Morgenstern 2005) under both the Arabidopsis and
Aspergillus models. The data is presented on the Web and
can be accessed using the URL: http://dbdata.rutgers.edu/data/
Trebouxia/. Corresponding amino acid sequences were then
clustered at 90 % similarity using CD-HIT (Li and Godzik
2006) and compared using a BLASTP search (e-value<10~)
with sequences from a local database comprised of the NCBI
Refseq (v51) collection with additional data available from the
Joint Genome Institute (http://www.jgi.doe.gov/) and other
public databases (e.g., TBestDB, dbEST; for details, see
Chan et al. 2011; Price et al. 2012). Phylogenomic analyses
were done as described in Moustafa et al. (2009) and Yoon
et al. (2011). Phylogenetic trees were calculated using
RAXML v7.2.8 (Stamatakis 2006; Stamatakis et al. 2008)
under the PROTGAMMAILGF model with nodal support
calculated using 100 bootstrap replicates. The resulting phy-
logenetic trees were sorted using PhyloSort (Moustafa and
Bhattacharya 2008) to identify instances of sister group
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relationships between the sequenced 7. decolorans gene and
the following groups: Archaea, Bacteria, Fungi, Viridiplantae,
Virus, and ‘Other’. Three trees in which the T decolorans
sequence, but not other algal or plant sequences, was nested
within clades of fungal sequences and supported by a boot-
strap value>0.7 were selected for further analysis. The nucle-
otide sequences of these contigs of the HGT candidate genes
are accessible from GenBank with the accession numbers
KF573967, KF573968, and KF573969. For these three se-
lected HGT candidates, the alignment was manually improved
and restricted to all unambiguously aligned regions, hits for
homologous genes from the newly available Xanthoria (http://
genome.jgi-psf.org/pages/blast.jsf?db=Xanpal), Cladonia P.
Browne (http://genome.jgi.doe.gov/Clagr2/Clagr2.home.
html), Asterochloris Tschermak-Woess (http://genome.jgi-
psf.org/Astphol/Astphol.home.html), and Endocarpon
Hedw. (http://www.ncbi.nlm.nih.gov/nuccore/
APWS00000000) genomes were added if present and the
analyses were reconducted using RAXML and MrBayes.
RAXML analyses were performed on the CIPRES web
portal with the same model as described above. Support
values were assessed using the ‘rapid bootstrapping’ option
with 1000 replicates. Bayesian analyses were conducted using
MrBayes 3.2.1 (Ronquist and Huelsenbeck 2003), and the
mixed prior for the amino acid model was used. The
Metropolis-coupled Markov chain Monte Carlo (MC?)
consisted of four independent runs of 2 million generations,
starting with a random tree and employing eight simultaneous
chains each, in which one in every 100 trees was sampled. The
outputs of MrBayes were examined with the program Tracer
v1.5 (Rambaut and Drummond 2007) to check for conver-
gence of different parameters. Topological convergence in the
four independent MCMC runs was checked with the ‘com-
pare’ plots in the program AWTY (Nylander et al. 2008).
Posterior probabilities (PPs) of clades were obtained from
the 50 % majority rule consensus of sampled trees after
excluding the initial 25 % of trees as burn-in.

Null hypothesis testing

In order to test if the monophyly of a clade comprising fungi+
Trebouxia is significantly supported against the expected
monophyly of a clade of Green plants including Trebouxia,
we compared the ML tree constrained to recover Green
plants+ Trebouxia as monophyletic and the unconstrained
ML tree obtained from the analysis mentioned in 2.2. Such a
topology might be present in suboptimal trees not sampled or
not present in the 50 % majority-rule consensus tree of the
MCMC sampling, but may not be significantly worse than the
obtained topology. For these tests, we used two different
methods for all three protein data matrices (sulfite efflux
pump/tellurite-resistance dicarboxylate transporter (TDT)
family, Class-1 nitrilase/cyanide hydratase (CH), and
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oxidoreductase/retinol dehydrogenase). The first method was
the Shimodaira—Hasegawa (SH) test (Shimodaira and
Hasegawa 1999), and the second was the expected likelihood
weight (ELW) test following Strimmer and Rambaut (2002).
The SH and ELW tests were performed using Tree-PUZZLE
5.2 (Schmidt et al. 2002) with the three protein data matrices
on a sample of 200 unique trees, the best trees agreeing with
the null hypotheses, and the unconstrained ML tree. These
trees were inferred in Tree-PUZZLE employing the same
substitution model as in ML analysis.

Verification of HGT candidate genes

The three candidate genes for HGT from fungi to Trebouxia
were screened for synapomorphic amino acid residues and
motifs that support this direction of gene transfer. Additional-
ly, primers for the gene were designed from the nucleotide
contigs of T. decolorans: sulphite-efflux pump/tellurite-
resistance dicarboxylate transporter (TDT): Con699F: CTA
TGC GCA CAG CAT TGT CT Con699R: GTA CTG CAT
TGA GGG GCA AT; Nitrilase: Con18734F: GCT GAT CTG
CTG GTT TTT CC, Conl8734R: CAG AGT CCA GGT
GTG AAG CA; Oxidoreductase: Contigd5971F: ACA CCT
CAC AAC CAC GAC AA, Con45971R: ACC CAG CAG
TGA TGG AAA AG. The gene fragments were amplified
using genomic DNA from 7. decolorans as well as from
Trebouxia impressa (strain AB96.011X1; photobiont of the
lichen Candelariella reflexa) and Dictyochloropsis reticulata
(strain AB06.006A2; photobiont of the lichen Lobaria
pulmonaria). The PCR reaction was as follows: 95 °C for
2 min, 5 cycles of 95 °C for45s, 57 °C for45s, 72 °C for 30s,
followed by 33 cycles of 95 °C for 45 s, 55 °C for 45 s, 72 °C
for 30 s, and a final extension of 2 min at 72 °C. The PCR
products obtained were sequenced and the resulting sequences
were compared to the sequences identified using Illumina
genome sequencing. These experiments have been conducted
in the Beck lab (Botanische Staatssammlung Miinchen).

Results

[llumina sequencing from 7. decolorans resulted in 4.7 million
100-bp reads and 451 Mbp of trimmed data. De novo assem-
bly produced 200,241 contigs (N50=317 bp) that totalled
55.3 Mbp of genome data. A subset of contigs with length
>250 bp or average coverage >5% was retained for further
analysis. This set consisted of 24,655 sequences (N50=
590 bp) totaling 13.4 Mbp and encoded 18,178 putative
proteins. BLASTp analysis of these sequences returned 4098
proteins with significant (e-value<107°) hits to 3609 unique
target peptides. Most top hits were to algae and plants
(Viridiplantae; 85.6 %), as expected, with significantly fewer

l GfBS


http://genome.jgi-psf.org/pages/blast.jsf?db=Xanpa1
http://genome.jgi-psf.org/pages/blast.jsf?db=Xanpa1
http://genome.jgi.doe.gov/Clagr2/Clagr2.home.html
http://genome.jgi.doe.gov/Clagr2/Clagr2.home.html
http://genome.jgi-psf.org/Astpho1/Astpho1.home.html
http://genome.jgi-psf.org/Astpho1/Astpho1.home.html
http://www.ncbi.nlm.nih.gov/nuccore/APWS00000000
http://www.ncbi.nlm.nih.gov/nuccore/APWS00000000

Evidence of ancient gene transfer between fungi and Zrebouxia

239

hits to bacteria (3.5 %), fungi (2.9 %), viruses (0.3 %), and
archaea (0.2 %). The remaining (others; 7.5 %) was comprised
of hits to metazoan and eukaryotic groups other than plants
and fungi.

The search for trees that support a monophyletic relation-
ship between a Trebouxia-derived protein sequence and fun-
gal sequences supported by a bootstrap value >70 % returned
48 phylogenies. Only three of these trees were identified as
showing potential instances of HGT, based on the following
two criteria: (1) the Trebouxia-derived sequence was included
in a well-supported monophyletic clade with the fungi also in
an independent analysis using a refined alignment (sometimes
as the most basal branch, i.e., sister to the fungi), and (2) a
wide variety of eukaryotic and bacterial groups were present
in the tree (e.g., including at least two additional sequences
from Green plants), ensuring a broad taxonomic sampling in
the alignment, because only such trees presented the opportu-
nity for alternative hypothesis testing of Trebouxia+Fungi
against Trebouxia+Green Plants. Thirty-seven of the other
45 phylogenies were excluded due to small taxonomic sam-
pling (criterion 2) and eight phylogenies due to lack of support
in the independent analysis (criterion 1).

Sulfite efflux pump/tellurite-resistance dicarboxylate
transporter (TDT) family

The 360 amino acid alignments of the sulfite efflux pump/
tellurite-resistance dicarboxylate transporter (TDT) family
consisted of 76 sequences, 27 of eukaryotic and 49 of
prokaryotic origin. The alignment was manually refined to a
length of 343 amino acids to remove ambiguous regions. The
tree was rooted with a monophyletic Archaea at the base, and
sequences from Bacteria formed a paraphyletic grade towards
sequences from members of Viridiplantae, Rhodophyta, and
fungi (Fig. 1). In the resulting tree (Fig. 1, Supplement S1), a
clade placing sequences from the two lichen photobionts
T decolorans and Asterochloris sp. were the sister group to
twenty Basidiomycetes and Ascomycete fungi. This clade was
firmly supported with bootstrap and posterior probability
values of 100 % and 1.00, respectively. Four additional green
algal members from Chlorophyta were positioned as sister to
two Rhodophyta in a separate clade (Fig. 1), but this relation-
ship was well supported (84 %) only in the Bayesian analysis.
Alternative hypothesis testing significantly rejected monophy-
ly of the Green plants+ Trebouxia+Asterochloris (p<0.047 in
SH and p<0.049 in ELW tests).

The most similar hit to this sequence in a Blastp search in
GenBank was a sequence from Dothistroma septosporum
(Dorog.) M. Morelet strain NZE10 (Mycosphaerellaceae,
Capnodiales, Dothideomycetes EME40420.1). PCR analysis
confirmed that identical DNA sequences (i.¢., to the Trebouxia
genome data) encoding the sulfite efflux pump are present in
T. decolorans and T. impressa. However, this fragment could
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not be amplified from genomic DNA of the more distantly
related green alga Dictyochloropsis symbiontica (also
Trebouxiophyceae).

Class-1 nitrilase/cyanide hydratase (CH)

A 160 amino acid alignment, encoding the N-terminus of the
class-1 nitrilase/cyanide hydratase (CH) protein from
T. decolorans was aligned to 110 sequences spanning species
from bacteria, Archaea, and eukaryotes. The tree was again
rooted using Archaea sequences as outgroup. The close rela-
tionship of the Trebouxia-derived sequence with 11 fungal
sequences was shown as Trebouxia placed as sister to all but
one Ascomycota fungi and supported with a bootstrap score of
87 % and posterior probability of 1.00 (Fig. 2, supplement
S2). One sequence from Ascomycota (Phaeosphaeria
nodorum) was nested alone within proteobacteria. The green
alga Coccomyxa and genomes from one bryophyte and three
angiosperm plants were placed with high support values in
two unrelated parts of the tree near Metazoa and
Planctomycetes, not closely related to the Fungi and
Trebouxia. Alternative hypothesis testing significantly
rejected monophyly of the Green plants+Trebouxia (p<
0.000 in SH and ELW tests).

The most similar hit to the Trebouxia sequence from a
Blastp search in GenBank was Chaetomium globosum Kunze
strain CBS 148.51 (Chaetomiaceae, Sordariales;
XP 001227445.1; a taxon also included in the alignment
above). PCR analysis confirmed that an identical DNA se-
quence (i.e., to the Trebouxia genome data) encoding the
class-1 nitrilase is present in 7. decolorans. However, success-
ful amplification of this fragment could not be achieved from
genomic DNA of the related algae 7. impressa and
D. symbiontica, despite repeated attempts.

Oxidoreductase/retinol dehydrogenase

The Trebouxia oxidoreductase fragment spanned up to 145
aligned amino acids and including the C-terminus of the
protein. The resulting alignment was comprised of 100 taxa
from bacteria and eukaryotes (Viridiplantae, Fungi,
Amoebozoa, Metazoa, Cryptophyta, and Haptophyta). The
tree was rooted using a monophyletic bacterial clade of
Bacteriodetes for convenience, since no Archaea was found
to be included in this aligned data set. The monophyly of a
clade consisting of 7. decolorans plus 12 ascomycete fungi
was supported by a bootstrap score of 82 % and a posterior
probability of 0.99 (Fig. 3, Supplement S3). Trebouxia was
basally placed within the fungal clade, with only one sequence
derived from Nectria haematococca as more basal within the
fungal subclade. The sister clade to the fungal clade (albeit
with lower support; 84 % bootstrap and 0.82 posterior prob-
ability) consisted of the Viridiplantae sequences from the
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Fig. 1 Phylogenetic tree derived Trebouxia & p— Viridiplantae Chlorophyta Asterochloris photobiont
. s . Viridiplantae Chlorophyta Trebouxia decolorans
fr(?m Bayesian analysis of the Asterochloris Fungi Ascomycetes Cladonia grayi
alignment of the sequences from Fungi Ascomycetes Endocarpon pusillum
e . Fungi Ascomycetes Penicillium chrysogenum
the. sulfite efﬂux pump/tellurite Fungi Fungi Ascomycetes Aspergillus oryzae
resistance dicarboxylate Fungi Ascomycetes Asperyillus flavus
transporter (TDT) family. Fungal Fungi Ascomycetes Aspergillus niger
P ( ) Y- ru g [ | Green Algae Fungi Ascomycetes Aspergillus clavatus
sequences (Fungi) are marked in — Fungi Ascomycetes Botryotinia fuckeliana
blue, green plants (Viridiplantae) Red Algae F'L:mgi Azcomycetets DA%thistrofTa sezl?tcafsporqm
: ungi Ascomycetes Mycosphaerella fijiensis
}n green, red algae (Rhodophyta) Fungi Ascomycetes Verticillium albo-atrum
in red, Archaea sequences in . Fungi Ascomycetes Cordyceps militaris
purple, and all bacteria in black. Bacteria Fungi Ascomycetes Nectria haematococca
, .. Fungi Ascomycetes Trichoderma virens
The Trebouxia sequence is in bold ) Fungi Ascomycetes Phaeosphaeria nodorum
text, and bolded branches are Bacteria Fungi Ascomycetes Trichophyton rubrum
ab . babili Fungi Basidiomycetes Mixia osmundae
supported by posterior probability Fungi Basidiomycetes Ustilago maydis
values>0.90 and bootstrap < Bacteria Fungi Basidiomycetes Sporisorium reilianum
; i Fungi Basidiomycetes Cryptococcus gattii
values=0.8. Triangles within the ] Viridiplantae Chlorophyta Chiorella variabilis
complete phylogeny indicate Bacteria Viridiplantae Chlorophyta Chlorella sp
Viridiplantae Chlorophyta Coccomyxa subellipsoidea
cﬁollap;ed branches .Of Secglepces ) Viridiplantae Chlorophyta Chlorella vulgaris
om the same species. The inset Bacteria Rhodophyta Galdieria sulphuraria
tree (b) shows the overall Agquificae Hydrogenobaculum sp
Proteobacteria Acidithiobaillus ferrooxidans

relationships of larger
classification groups based on this
tree. (The complete tree with
accession and GenBank numbers
for the sequences is provided in
Supplement S1.)

Bacteria

Archaea

Sulfite Efflux Pump
(schematic)

A

Sulfite Efflux Pump

green algae Coccomyxa and Micromonas as well as 11 angio-
sperm sequences together with other bacterial and two eu-
karyotic sequences (Amoebozoa and Hapthophyceae). The
other sequences from eukaryotes, a bryophyte (Viridiplantae),
and Guillardia, a cryptophyte, were both separately posi-
tioned far away from the other eukaryotic sequences and
placed close to sequences from Actinobacteria. Alternative
hypothesis testing significantly rejected monophyly of the
Green plants+ Trebouxia (p<0.003 in SH and p<0.001 in
ELW tests).
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Archaea Thermococcus kodakarensis

Firmicutes Sulfobacillus acidophilus
Proteobacteria Pseudomonas fluorescens
Proteobacteria Pseudomonas brassicacearum
Proteobacteria Sphingomonas sp
Proteobacteria Gluconacetobacter europaeus
Proteobacteria Gluconobacter oxydans
Proteobacteria Xanthomonas vesicatoria
Proteobacteria Beijerinckia indica ssp indica
Deinococci-Thermus Deinococcus maricopensis
Actinobacteria Acidimicrobium ferrooxidans
Deinococci-Thermus Deinococcus geothermalis
irmicutes Desulfosporosinus sp
Firmicutes Alicyclobacillus acidocaldarius
Actinobacteria Mycobacterium parascrofulaceum
Actinobacteria Mycobacterium colombiense
Actinobacteria Mycobacterium vanbaalenii
Actinobacteria Mycobacterium gilvum
Actinobacteria Arthrobacter sp
Actinobacteria Micrococcus luteus
Actinobacteria Saccharopolyspora erythraea
Actinobacteria Stackebrandtia nassauensis
Actinobacteria Pseudonocardia sp
Actinobacteria Janibacter sp

—_—

_ﬂﬂexi Anaerolinea thermophila
Deinococci-Thermus Meiothermus ruber

Firmicutes Thermoanaerobacterium xylanolyticum
Firmicutes Thermoanaerobacter ethanolicus
Firmicutes Desulfitobacterium metallireducens

Firmicutes Caldicellulosiruptor kronotskyensis
irmicutes Desulfotomaculum gibsoniae
Firmicutes Desulfotomaculum acetoxidans

L
Firmicutes Desulfosporosinus sp

Archaea Methanothermococcus okinawensis

Archaea Methanocaldococcus sp

rchaea Methanocaldococcus jannaschii
Archaea Methanocaldococcus sp
Archaea Methanocaldococcus jannaschii

Archaea Thermococcus gammatolerans
Archaea Thermococcus sp

Archaea Thermococcus sp
Archaea Pyrococcus sp
Archaea Pyrococcus abyssi
Archaea Pyrococcus horikoshii 03

The most similar hit to this sequence in a Blastp
search in GenBank was from Verticillium dahlia Kleb.
strain VdLs.17 (mitosporic Plectosphaerellaceae,
Glomerellales, Ascomycota; EGY18625.1). PCR analysis
confirmed that identical DNA sequences (i.e., to the
Trebouxia genome data) encoding oxidoreductase are
present in 7. decolorans. However, this fragment was
not successfully amplified from genomic DNA of the
related symbiotic green algae 7. impressa and
D. symbiontica, despite repeated attempts.
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A — cont'd (see Fig. 2B)
Nitrilase

[ Archaea Haloarcula hispanica

Fig.2 Phylogenetic tree derived from Bayesian analysis of the alignment
of'the sequences from the class-1 nitrilase/cyanide hydratase (CH) family.
Fungal sequences (Fungi) are marked in blue, green plants (Viridiplantae)
in green, red algae (Rhodophyta) in red, animal (Metazoa) sequences in
brown, other eukaryotes in pink, Archaea sequences in purple, and all
bacteria in black. The Trebouxia sequence is in bold text, and bolded

Analysis for recombination between fungal and algal
sequences of the candidate genes

In order to test if the HGT event is indeed ancient—as sug-
gested by the position of the Trebouxia sequence below the
split of the Basidiomycetes and Ascomycetes—we used the
program RAT (Etherington et al. 2005, downloaded on Dec.
9th 2014 from: https://github.com/ethering/RAT) and
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Cyanobacteria Synechococcus sp

Cyanobacteria Prochlorococcus marinus
Cyanobacteria Cyanobium sp
Cyanobacteria Synechococcus elongatus

Cyanobacteria Synechococcus sp

Bacteroidetes/Chlorobi Flavobacteriaceae bacterium

Cyanobacteria Synechococcus sp

Cyanobacteria Synechocystis sp

Cyanobacteria Acaryochloris marina

Cyanobacteria Acaryochloris sp
Chlamydiae/Verrucomicrobia Verrucomicrobium spinosum

| : Actinobacteria Mycobacterium intracellulare
Actinobacteria Mycobacterium smegmatis

Fungi Ascomycota Phaeosphaeria nodorum
Proteobacteria Burkholderia glumae

Proteobacteria Rhodospeudomonas palustris
Proteobacteria Methylobacterium nodulans
Proteobacteria Methylobacterium extorquens
Proteobacteria Methylobacterium chloromethanicum
Proteobacteria Methylobacterium extorquens
Proteobacteria Pseudomonas brassicacearum
Proteobacteria Cupriavidus necator

Proteobacteria Ralstonia solanacearum

Planctomycetes Planctomyces maris

h—] Rhodophyta Galdieria sulphuriana

Firmicutes Clostridium hathewayi
Proteobacteria Vibrio nigripulchritudo
Actinobacteria Pseudonocardia dioxanivorans
Bacteroidetes/Chlorobi Flavobacteria bacterium
Actinobacteria Conexibacter woesei
Actinobacteria Acidothermus cellulolyticus

L—4 Firmicutes Bacillus pumilus
Firmicutes Bacillus thuringiensis

Viridiplantae Bryophyta Physcomitrella patens ssp patens
—‘jFViridiplantae Angiospermae Vitis vinifera
Viridiplantae Angiospermae Zea mays
Viridiplantae Angiospermae Ricinus communis
Planctomycetes Pirellula staleyi
—Ej;l\ﬂetazoa Nematoda Caenorhabditis remanei
Metazoa Nematoda Caenorhabditis briggsae
Chloroflexi Sphaerobacter thermophilus
Actinobacteria Streptomyces sp
Actinobacteria Streptomyces albus
Actinobacteria Arthrobacter aurescens
— Synergistetes Dethiosulfovibrio peptidovorans
Fusobacteria Fusobacterium mortiferum
Fusobacteria Fusobacterium ulcerans
Fusobacteria Fusobacterium varium
Firmicutes Ruminococcaceae bacterium

Firmicutes Selenomonas noxia

Firmicutes Selenomonas sp

Firmicutes Selenomonas artemidis

Synergistetes Jonquetella anthropi
Firmicutes Brevibacillus brevis
Firmicutes Bacillus smithii

1 E Firmicutes Geobacillus sp
Bacteroidetes/Chlorobi Marivirga tractuosa
Bacteroidetes/Chlorobi Runella slithyformis
Bacteroidetes/Chlorobi Algoriphagus sp
Bacteroidetes/Chlorobi Spirosoma linguale

Bacteroidetes/Chlorobi Chlorobium phaeobacteroides
—— Archaea Natronomonas pharaonis
Archaea Haloarcula marismortui

Metazoa Nematoda Caenorhabditis elegans

Firmicutes Geobacillus thermoglucosidasius

0.3

branches are supported by posterior probability values>0.90 and RAxXML
bootstrap values>0.8. Triangles within the complete phylogeny indicate
collapsed branches of sequences from the same species. The inset tree (c)
shows the overall relationships of larger classification groups based on
this tree. (The complete tree with accession and GenBank numbers for the
sequences is provided in Supplement S2.)

analysed the amino acid alignments of the gene trees.
Settings were as suggested by the programmers, but
maximum numbers of contributing sequences set to 25. The
last setting had only influence on the detection of possible
recombination within bacterial, not within eukaryotic
sequences. In no case evidence for recombination was
detected. Evidence for possible recombination was detected
only between fungal sequences.
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B

Nitrilase

Fun
Fun
Fun
Fungi

Fungi Asco

Ba

gi Ascomycota Neurospora tetrasperma
gi Ascomycota Neurospora discreta

gi Ascomycota Neurospora crassa
Ascomycota Sordaria macrospora

Fungi Ascomycota Podospora anserina
Fungi Ascomycota Pyrenophora teres f teres
Fungi Ascomycota Pyrenophora tritici-repentis

mycota Phaeosphaeria nodorum

Fungi Ascomycota Chaetomium globosum
Fungi Ascomycota Sclerotinia sclerotiorum
Viridiplantae Chlorophyta Trebouxia decolorans

Bacteroidetes/Chlorobi Lacinutrix sp
Bacteroidetes/Chlorobi Algoriphagus sp
cteroidetes/Chlorobi Maribacter sp

Bacteroidetes/Chlorobi Zobellia galactanivorans
Fibrobacteres/Acidobacteria Candidatus Solibacter usitatus

. Excavata Histiona aroides
— Viridiplantae Chlorophyta Coccomyxa sp

Deinococci-Thermus Deinococcus deserti
_r‘— Actinobacteria marine actinobacterium
Bacteroidetes/Chlorobi Microscilla marina
{ Haptophyceae Emiliania huxleyi

Strameno
Stramenopiles Oomycetes Phytophthora sojae
Actinobacteria Saccharomonospora viridis
Actinobacteria Nocardia farcinica

L Actinobacteria Rhodococcus pyridinivorans

piles Oomycetes Phytophthora ramorum

cont'd (see Fig. 2A) 0.3
C Trebouxia
Nitrilase (schematic) Fungi
Bacteria
Excavata
Green Algae
Bacteria Fungi

_‘ Haptophyte (coccolithophore)

Bacteria
Bacteria

Oomycetes
Bacteria Bacteria
Bacteria Bacteria
Bacteria Bacteria
Bacteria —‘ Red algae

Bacteria
Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

_{ Archaea

Fig. 2 continued.

Discussion

Horizontal gene transfer between different organismic line-
ages is usually detected through phylogenetic or
phylogenomic analysis of a gene that shows a different rela-
tionship to other taxa than what would be expected based on
other genes or other paralogs of that gene in those taxa. Such
an aberrant pattern that can then only (or most likely) be
explained by rare horizontal gene transfer, instead of the usual
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:‘ Bacteria

Bryophytes & Angiosperms

Metazoa (Nematoda)

Bacteria

vertical inheritance seen as a result through eons and/or
millennia of evolution and speciation. It should be noted that
the obvious and apparent paraphyly of bacteria at the base of
the non-monophyletic Eukaryotes in our phylogenomic re-
sults (Figs. 1, 2, and 3) are expected due to frequent, historical
and on-going HGT, and gene exchange among prokaryotes
and also (historically) among the very basal branches in the
Eukaryotes (Boto 2014; Pilar 2012). As mentioned earlier,
HGT is less common in the more derived and extant branches
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A

Oxidoreductase

cont'd (see Fig. 3B)

<| Metazoa Cnidaria Hydra magnipapillata
Actinobacteria Frankia sp
Chloroflexi Ktedonobacter racemifer
Cyanobacteria Nostoc punctiforme
Chloroflexi Ktedonobacter racemifer
Actinobacteria Actinosynnema mirum
Actinobacteria Aeromicrobium marinum

[ Actinobacteria Micromonospora sp

Actinobacteria Micromonospora aurantiaca

Proteobacteria Caulobacter segnis
] _‘E Proteobacteria Caulobacter crescentus
Proteobacteria Caulobacter sp

_: Deinococci-Thermus Deinococcus radiodurans
Deinococci-Thermus Deinococcus maricopensis

Actinobacteria Mycobacterium gilvum
! E Actinobacteria Mycobacterium sp

Cryptophyta Guillardia theta

Proteobacteria Gluconacetobacter diazotrophicus
Fibrobacteres/Acidobacteria Solibacter usitatus

Proteobacteria Caulobacter segnis

Fibrobacteres/Acidobacteria Terriglobus saanensis

Fibrobacteres/Acidobacteria Granulicella tundricola

Proteobacteria Methylocella silvestris

Proteobacteria Novosphingobium aromaticivorans

Firmicutes Paenibacillus sp

Firmicutes Clostridium sp

Fig.3 Phylogenetic tree derived from Bayesian analysis of the alignment
of the sequences from the oxidoreductase/retinol dehydrogenases family.
Fungal sequences (Fungi) are marked in blue, green plants (Viridiplantae)
in green, animal (Metazoa) sequences in brown, other eukaryotes in pink,
and all bacteria in black. The Trebouxia sequence is in bold text, and
bolded branches are supported by posterior probability values>0.90 and

of the Eukaryotes (Boto 2014). The direction of the transfer is
generally inferred from the closest relatives of the gene in
question, and if the gene is nested inside a group of organisms
in which it is taxonomically not classified (with Trebouxia
inside fungi, for example), the surrounding taxa are likely the
origin of the gene. The situation becomes more complex if
sister group relationships do not fit the overall inferred phy-
logeny of the eukaryotic Tree of Life, as in the case of two of
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Firmicutes Desulfosporosinus sp

Actinobacteria Catenulispora acidiphila
Fibrobacteres/Acidobacteria Terriglobus saanensis

Firmicutes Lactococcus lactis
Firmicutes Lactobacillus hilgardii
Firmicutes Lactobacillus parafarraginis
Firmicutes Desulfosporosinus sp
Firmicutes Clostridium beijerinckii

Gemmatimonadetes Gemmatimonas aurantiaca
Cyanobacteria Gloeobacter violaceus

_<] Cyanobacteria Acaryochloris marina

Proteobacteria Erythrobacter sp
Proteobacteria marine gamma proteobacterium
Proteobacteria Oceanicaulis sp
Viridiplantae Bryophyta Physcomitrella patens ssp patens
Actinobacteria Amycolatopsis mediterranei
Actinobacteria Streptomyces sviceus
Actinobacteria Amycolatopsis mediterranei

Bacteroidetes/Chlorobi Flavobacterium johnsoniae
Bacteroidetes/Chlorobi Chitinophaga pinensis
Bacteroidetes/Chlorobi Sphingobacterium sp
Bacteroidetes/Chlorobi Chitinophaga pinensis
Bacteroidetes/Chlorobi Pedobacter heparinus

Bacteroidetes/Chlorobi Pedobacter sp

Bacteroidetes/Chlorobi Chryseobacterium gleum
Bacteroidetes/Chlorobi Dyadobacter fermentans 0.3

RAXML bootstrap values>0.8. Triangles within the complete phylogeny
indicate collapsed branches of sequences from the same species. The inset
tree (c¢) shows the overall relationships of larger classification groups
based on this tree. (The complete tree with accession and genbank
numbers for the sequences is provided in Supplement S3.)

our genes (Figs. 1 and 2), where Trebouxia orthologs are sister
to fungi, not nested inside the fungi (as in Fig. 3). Several
scenarios are possible to explain such a pattern, and caution is
required as our conclusions are only based on the genome data
and (limited) taxon sampling available to us at this time.
Subsequent analyses are needed in the future, based on the
expanded genomic datasets from Trebouxia as well as much
wider taxon sampling including more green algae, basal
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B

Oxidoreductase

Fungi Ascomycota Botryotinia fuckeliana
Fungi Ascomycota Nectria haematococca
Fungi Ascomycota Botryotinia fuckeliana
Fungi Ascomycota Thielavia terrestris

Fungi Ascomycota Nectria haematococca

Fungi Ascomycota Cladonia grayi

Fungi Ascomycota Nectria haematococca

Fungi Ascomycota Penicillium chrysogenum

Fungi Ascomycota Nectria haematococca
Fungi Ascomycota Verticillium albo-atrum

Fungi Ascomycota Phaeosphaeria nodorum

0.3

Vi

_|7

Viridiplantae Chlorophyta Trebouxia decolorans

Fungi Ascomycota Nectria haematococca

Viridiplantae Angiospermae Zea mays
Viridiplantae Angiospermae Vitis vinifera
Viridiplantae Angiospermae Populus trichocarpa
Viridiplantae Angiospermae Glycine max
Viridiplantae Angiospermae Ricinus communis
Viridiplantae Angiospermae Populus trichocarpa
ridiplantae Angiospermae Oryza sativa
Viridiplantae Chlorophyta Coccomyxa sp

Viridiplantae Chlorophyta Micromonas sp

cont'd

L

Haptophyceae Pavlova lutheri

(see Fig. 2A)

: Bacteria/Unclassified Haloplasma contractile

C

Oxidoreductase
(schematic)

Amoebozoa Mastigamoeba balamuthi

Trebouxia

Fungi

:‘ Angiosperms

Green Algae
Haptophyte (Coccolithophore)

Bacteria
Amoeba

Bact
Bac

Hydra (Metazoa)
Bacteria
eria

teria

Bacteria
Bryophyte
Bacteria
Bacteria
Bacteria

Bacteria
Bacteria

Fig. 3 continued.

fungal groups, and lichen-forming fungi. However, our results
tell three stories of ancient HGT between fungi and lichen
algae, and we are looking forward to see how these scenarios
develop over the upcoming years by the ongoing genome
sequencing efforts by scientists worldwide.

Our null hypothesis was that HGT events would be
between lichenized fungi and lichen algae. If so, a
Trebouxia sequence would be highly nested inside a fungal
clade and placed close to sequences from lichenized fungi
(such as Cladonia grayi, Ascomycota; see Fig. 3).
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Cryptomonad algae (Cryptophyta)
Bacteria

Trebouxia would not be placed closely to other green
plants, which would form their own monophyletic, separate
clade. In our results, we see the separation of Trebouxia
from the Viridiplantae (with one exception, the lichen algae
Asterochloris, Fig. 1) in our three gene trees, but we found
no data that supports the nesting of Trebouxia with lichen-
forming fungi deep inside a fungal clade. Therefore, the
hypothesis that these are three relatively more recent HGT
events involving Trebouxia and only specific lichenized
fungal lineages is rejected.
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An alternative hypothesis would be that these three HGT
events happened by gene transfer from Trebouxia to a fungus.
If so, then the fungi (all or some) would be nested inside a
monophyletic Viridiplantae. In our results, 7rebouxia is not
nested within or at the base of the rest of the green plants
(Viridiplantae) and neither are the fungal sequences, so our
results contradict such a hypothetical scenario.

Instead, the three Trebouxia HGT gene candidates are sister
to a monophyletic fungal lineage as a whole (or one node
away from the base in the case of oxidoreductase, see Fig. 3),
and not placed close to other Viridiplantae. In each case, this
supports an ancestral HGT event involving an ancient gene
transfer to Trebouxia from an ancestral stem lineage member
of the fungi. Our data support that such a scenario must have
happened long before the formation of the first lichens, unless
the ancestor of all fungi was symbiotic with algae and formed
lichens, which is not likely. It is also likely that the HGT for
the sulfite efflux enzyme happened before the divergence of
Basidiomycota and Ascomycota, since Trebouxia is placed
below both of these major fungal groups (see Fig. 1). In the
other two HGT candidate trees (Figs. 2 and 3), no
Basidiomycotes sequences were similar enough to be includ-
ed in the alignment, so the timing of the HGT can be
interpreted as before or early on in the diversification of the
ascomycetes.

Fossil and molecular dating evidence supports the idea that
the Trebouxiophyceae lineage had already evolved around
700-900 Mya (Leliaert et al. 2011, 2012), which was at a
similar time as the ongoing evolutionary divergence into the
major fungal lineages of Ascomycota, Zygomycota, and Ba-
sidiomycota, while the diversification of the Ascomycetes
happened later than this (Beimforde et al. 2014; Liicking
et al. 2009; Prieto and Wedin 2013). This would imply that
(1) green algae diversified long before the Ascomycetes, (2)
there was a close association (possibly symbiosis) of an an-
cestral, basal lineage of fungi, and green algae, at least in the
Trebouxiophyceae lineage, and, possibly, (3) the ancestral
alga that incorporated this fungal gene into its genome could
have possibly been (at least hypothetically) pre-disposed to
evolve symbiotic association with certain fungi to form
lichens.

Despite the intimate nature of the interaction between algae
and fungi in general and particularly of the photo- and
mycobionts in lichens, it was perhaps surprising to uncover
only three gene-encoding fragments that fulfilled our basic
criteria for HGT (i.e., high bootstrap support and posterior
probability values (>0.8 and >0.95, respectively) for a mono-
phyletic clade formed by Trebouxia and fungal sequences).
Moreover, in our blast searches, the most similar sequences to
Trebouxia orthologs were not derived from lichen-forming
fungi but from Dothideo- and Sordariomycetes, respectively,
and this is another piece of information that supports an
ancient HGT event involving Trebouxia’s ancestor and ancient
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fungi. HGT events based on relatively more recent lichen
symbiosis might still be uncovered, especially since the com-
plete genome of Trebouxia yet has to be sequenced, assem-
bled, and annotated. Nevertheless, it should be noted that the
sequenced 55.3 Mbp is well in the range of the genome of
Asterochloris, which is the sister genus to Trebouxia, and has
56.1 Mbp assembled data (http://genome.jgi-psf.org/Astphol/
Astphol.info.html).

Given the obvious concern for contamination as a possible
explanation for these HGT candidate genes, we took the
following two precautions to address this issue. First, we used
an axenic culture of 7. decolorans to generate the Illumina
DNA library, thereby eliminating the possibility of bacterial or
fungal DNA in the sequenced fraction. Second, to guard
against fungal contamination during the sequencing and/or
analysis steps, we used PCR to amplify and thereby validate
HGT candidate genes using total 7 decolorans DNA that was
independently prepared and analyzed by AB in Germany; the
[llumina sequencing was done in the lab of Debashish
Bhattacharya in the USA. All PCR amplification products
were sequenced and found to encode identical or near-
identical sequences for non-7. decolorans taxa (=99 % iden-
tity) as the HGT candidate. Moreover, the most similar se-
quences were from Dothideomycetes (for the sulfite efflux
pump) and Sordariomycetes (for nitrilase and oxidoreduc-
tase). In case of a contamination, the closest sequences should
have been derived from representatives of one fungal class
only.

Possible function of candidate genes for HGT: The first
candidate gene is closely related to a membrane transporter, a
sulfite efflux pump belonging to the tellurite-resistance
dicarboxylate transporter (TDT) family (Marchler-Bauer
et al. 2011). Interestingly, the most closely placed protein to
the one from 7. decolorans in our phylogenetic tree (Fig. 1) is
from another lichen photobiont, Asterochloris, the sister genus
of Trebouxia, and lichenized with C. grayi G. Merr. ex Sandst.
No homolog of this gene was found in the genome of
mycobiont of X. parietina, indicating that the gene transfer
did not take place from this lichen fungus to its photobiont, but
has happened from a different fungus to this alga (as discussed
above). No clues about the transported substances exist, be-
cause only very distantly related transporters have thus far
been analyzed (Avram and Bakalinsky 1997; Léchenne et al.
2007). Genes from this family are also known from higher
plants, where they have been shown to be involved in the
stomatal response to CO,, abscisic acid, ozone, light/dark
transitions, humidity change, calcium ions, hydrogen perox-
ide, and nitric oxide (Saji et al. 2008; Vahisalu et al. 2008).

The second candidate gene is a nitrile aminohydrolase,
most similar to class-1 nitrilases, which catalyze the hydroly-
sis of nitriles to carboxylic acids and ammonia, without the
formation of “free” amide intermediates (Marchler-Bauer
et al. 2013). They are involved in the biosynthesis of natural
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products and plant hormone metabolism and many enzymes
exhibit strong substrate preferences, but because the
Trebouxia sequence is not closely related to a sequence of a
characterized enzyme, nothing can be stated yet about the
possible substrates of this enzyme.

The third candidate gene is an oxidoreductase of which the
most similar sequence (EGY18625.1) belongs to the retinol
dehydrogenase (retinol-DH), Light dependent
Protochlorophyllide (Pchlide) OxidoReductase (LPOR),
which has a single domain with a structurally conserved
Rossmann fold (Marchler-Bauer et al. 2013). Light-
dependent reduction is via NADP-dependent short-chain de-
hydrogenases/reductases. These enzymes catalyze a wide
range of activities including the metabolism of steroids, co-
factors, carbohydrates, lipids, aromatic compounds, and ami-
no acids, and act in redox sensing (Marchler-Bauer et al. 2013;
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?
ascbin=8&maxaln=10&seltype=2&uid=212492). Also, in
this case, further analysis is needed to shed light on the
possible function of this oxidoreductase in the metabolism
of T. decolorans.

It is an intriguing hypothesis that the candidate genes for
HGT from the fungi into Trebouxia may have important
functions in the evolution of the lichen symbiosis. This hy-
pothesis gains support from the fact that these transferred
genes have not been found outside symbiotic green algae so
far. Nevertheless, it needs to be clearly stated that more data is
needed in order to provide sound evidence for this
assumption.

In summary, our work suggests that three HGT events
involving fungi and a terrestrial alga are likely to have oc-
curred during the early evolutionary history of fungi and green
alga (Trebouxiophyceae) evolution. The HGT events appear
to be more ancient than the origin of lichen symbiosis between
fungi and algae. Our results are intriguing and encourage
further detailed HGT analyses involving more taxa from green
algal lineages, basal fungi, lichenized fungi, and their ge-
nomes. More data will need to be gathered to address many
open questions such as the possible roles of these genes in the
evolution of the fungi and green algae, the exact timing of
HGT between green algae and fungi, and the relationships of
acquiring fungal genes into algae and lichen symbiosis
evolution.
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