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Summary. The chloroplast-encoded large subunit ribosomal RNA gene of severd free-living green agae contains group |
introns at Escherichia coli genic positions 1917, 1931, 1951, and 2449. Herein we report the presence of group | introns at these
positions within the chloroplast-encoded large subunit ribosomal RNA gene of several lichen-forming green algae belonging to
the Trebouxia genus. In contrast to the introns inserted at position 2449, al introns inserted at positions 1917, 1931, and 1951
contained LAGLIDADG homing endonuclease genes. Phylogenetic analyses show that: (i) introns inserted at positions 1917,
1931, and 1951 are closdly related to introns located at homologousinsertion sitesin bacterial rDNA genes; and (ii) intronsinsert-
ed at position 2449 are closely related to fungal introns located at homologous insertion sites in mitochondrial rDNA genes. The
symbiogenetic thalli of some lichens are proposed as the likely setting of horizontal transfer of genetic material among distant-
ly related organisms such as bacteria, fungi, and green algae. [Int Microbiol 2009; 12(1):59-67]
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Introduction

Group | introns are widespread elements of DNA, found
more frequently in eukaryotes than in prokaryotes[23]. More
than half (~58%) of identified group | introns are located
within the nuclear genome, with the rest divided between
chloroplasts and mitochondria. A remarkable feature of
group | intronsistheir ability to colonize new insertion sites,
resulting in their spread within the genome [23]. Generally,
intron insertion is catalyzed by endonucleases that recognize
and cleave the target gene [37]. These proteins, called hom-
ing endonucleases (HEs), are encoded by open reading
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frames within introns called homing endonuclease genes
(HEG). Some HEs act via flexible homing-site recognition,
without significant loss of binding affinity or cleavage effi-
ciency. This flexible but specific recognition strategy could
explain the sporadic distribution of group | introns, and sug-
gests that many of these transposable elements have under-
gone horizontal transfer into different species and genes.
Along thisline of thinking, Goddard and Burt [19] proposed
that frequent horizontal transmission is necessary for the
long-term persistence of HEGs.

Lichens are complex organisms with a specific biological
organization [3]. Their thalli are the result of cyclical symbi-
otic associations [9] between at least two very different
organisms, a heterotrophic fungus (mycobiont) and a photo-
synthetic partner or photobiont (cyanobacteria or unicellular
green algae). The symbiotic interaction between the myco-
biont and the photobiont(s) occurs through a process of sym-
biogenesis and resultsin the lichen thallus, which isa unique
entity, or holobiont [28]. This context of close contact among
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mycobiont and photobiont(s) may favor horizontal transfer
events, making lichens a useful tool for studying the evolu-
tionary history of genetic elements, especialy in the case of
potentially mobile elements like group | introns. However,
very few studies have focused on group | introns in the
nuclear rDNAs of lichen-forming algae [4,18], and there is
even less information about group | introns within their
organelles. To investigate these genetic elements and evalu-
ate their evolutionary importance, we examined the nature
and distribution of group | introns in chloroplasts of severa
Trebouxia species, which are the most common lichen photo-
bionts.

Accordingly, portions of the plastid LSU rDNA that exhib-
ited a high frequency of group | introns among Chlorophyta
were sequenced in a number of different Trebouxia species:
Trebouxia angustilobata Beck (Tan); T. jamesii (Hildr. &
Ahmadjian) Gartner (Tja); T. erici Ahmadjian; T. gelatinosa
Ahmadjian; T . glomerata (Waren) Ahmadjian; T. irregularis
Hildr. & Ahmadjian; T. suecica Beck (Tsu); T. showmanii
(Hildr. & Ahmadjian) Gértner (Tsh); and Trebouxia sp. (Tsp)
isolated from a Vaencian population (Spain) of the lichen
Ramalina farinacea (L.) Ach. After sequencing, 31 different
group | introns were studied by analyzing their structure and
their possible evolutionary history in the context of lichen
symbiosis.

Materials and methods

Biological material. Axenically cultured photobionts were used. The
following photobionts were obtained from the Culture Collection of Algae
(SAG) at the University of Gottingen (Germany): Trebouxia angustilobata
(strain 2204), Trebouxia erici (strain 32.85), Trebouxia glomerata (strain
100.80), Trebouxia irregularis (strain 33.85), Trebouxia showmanii (strain
2009), and Trebouxia suecica (strain 2207). Other cultured photobionts were
obtained from the Culture Collection of Algae at the University of Texas
(Austin, TX, USA): Trebouxia gelatinosa (strain 906) and Trebouxia jame-
sii (strain 2233). Trebouxia sp. was isolated in our laboratories from a pop-
ulation of the lichen Ramalina farinacea (L.) Ach., according to Gasulla
(PhD unpublished data). The thalli were collected in the air-dried state on
Quercusrotundifolia Lam. at Sierradel Toro (Castellon, Spain; 39°54'16” N,
0°48"22” W). Samples were frozen at —20°C until the isolation experiment, 3
months after collection. Organisms were cultured in Bold 3N medium [5] in
a growth chamber in white light (25 umol ms?) at 15°C, under 14 h:10 h
light:dark cycles.

Nucleic acids extraction and purification, cDNA synthe-
sis, and PCR amplification. Total DNA was isolated from each
strain of Trebouxia algae following the procedure of Cenis (1992) [8].
Isolated DNAs were amplified by PCR with specific primers covering posi-
tions 759-2536 in the Escherichia coli 23S rRNA [31]: 23ST1: 5-CCG-
AAAGGCGTAGTCGATGG-3; 23ST2 5-CAGTAATGCTTCATAGGG-
TC-3'; 23ST3 5-GAAGGGAGCTTGACTGCAAG-3'; 23ST4: 5-CCGTC-
GATGTGAACTCTTGG-3'. Oligonucleotides were designed based on the
nucleotide sequence of the LSU rDNA from Trebouxia aggregata
(DDBJEMBL/GenBank accession no. L43542, [32]) and on partia
sequences obtained in our laboratory. All reactions were done under the fol-
lowing cycling conditions: one cycle at 94°C for 2 min; 30 cycles of 94°C

for 30 s, 55°C for 30 s, and extension at 72°C for 2 min. These cycles were
followed by afina extension step at 72°C for 7 min. Total RNA was extract-
ed from each Trebouxia photobiont with PureYield RNA Midiprep System
(Promega, Madison, WI, USA), according to the manufacturer’s instruc-
tions. Isolated RNAs were used as templates for reverse transcription and
further PCR amplification with the Access RT-PCR System (Promega).
Reverse transcription reactions were conducted at 48°C for 60 min. The
obtained cDNAswere amplified by PCR with appropriate primer pairs under
the following cycling conditions: 94°C for 2 min; 30 cycles of: 94°C for 30 s,
55°C for 30 s, and 68°C for 1 min. Amplification products were subjected to
electrophoresis through 1.5% agarose gels. The corresponding bands were
excised from the gel, purified with a DNA gel extraction kit (Qiaex II;
Qiagen GmbH, Hiden Germany), and directly sequenced using the Big
DyeTM Terminator Cycle Sequence Ready Reaction Kit Il (Applied
Biosystems, Foster City, CA, USA). The obtained reaction products were
separated by automated Multicapillary Electrophoresis and further analyzed
on an ABI Prism 3730 Genetic Analyzer (Applied Biosystems).

Phylogenetic analyses. All of the sequences determined in this work
were compared with group | introns downloaded from GenBank [http://
www.nchi.nim.nih.gov]. Sequences were aligned using the default parame-
tersimplemented in Muscle 3.6 [13] and then adjusted with BioEdit 7.0 [20].

For constructing “host” cell phylogenies of Trebouxia based on LSU-
rDNA sequences, all 651 nucleotide sites were included, resulting in atotal
of 275/141 variable/parsimony-informative sequence positions. The data set
for constructing phylogenies of intronsinserted at positions 1917, 1931, and
1951 comprised 28 taxa and 1600 characters after excluding 466 segquence
positions (1-47 and 1648-2066), resulting in 1514/778 variable/parsimony-
informative sequence positions. The data set for constructing phylogenies of
introns inserted at position 2449 consisted of 14 taxa and 1081 characters,
resulting in a total of 366/175 variable/parsimony-informative sequence
positions. The data set for constructing phylogenies of HE encoded within
the studied intron was made up of 27 taxa and 122 characters after exclud-
ing 105 sequence positions (142 and 163-227). All of the sequences were
included in the phylogenetic analyses but gaps were treated as missing char-
acters. All data sets were subjected to maximum-parsimony (MP), maxi-
mum-likelihood (ML), and distance analyses using PAUP 4.0b10 [38] and
also to a Bayesian approach using MrBayes 3.1.2 [24]. In the MP and ML
analyses, a heuristic search was performed using random stepwise addition,
the tree bisection—reconnection (TBR), and the branch-swapping algorithm
to find the best tree. For the ML analyses, the transition/transversion ratio
was estimated from the minimum evolutionary tree as implemented in
PAUP. Likelihood settings corresponded to the HK'Y 85 model. MP analyses
were also carried out via quartet puzzling analysis, yielding values greater
than 0.7 for the consistency index (Cl) and below 0.3 for the homoplasy
index (HI). Distance analyses were done by using the neighbor-joining
method [35]. Trees were built from ageneral time-reversible distance matrix
calculated using the minimum evolution criterion [34] in conjunction with
the HK'Y 85 distance correction [21]. For the minimum evolution method, a
heuristic search procedure was used and site-to-site rate heterogeneity was
modeled as agamma distribution [39]. Bootstrap probabilities [16] were cal-
culated to estimate the robustness of the clades from 1000 replicates of the
data. Phylogenetic Bayesian analyses (MrBayes 3.1.2 [24]) were performed
using the GTR model [33]. Markov chain Monte Carlo method (MCMC)
from a random starting tree was initiated in the Bayesian inference and run
for 10° generations. Posterior probabilities for each node were inferred from
the resulting consensus tree using the “sumt” option of MrBayes.

Results and Discussion

Group | introns in the plastid LSU rDNA of
Trebouxia phycobionts. A relatively high number of
group | introns have been reported for free-living green algae
within organellar LSU rDNAS, including Trebouxiophyceae
[27]. Nevertheless, very little information is currently avail-
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Table 1. Group | intronsin the plastid rDNA of Trebouxia species®

Organism Intron name rDNA insertion site Intron size (nt)°  Classification HEG size (aa)®

Trebouxia sp. Tsp.cL1917 1917-1918 1018 1B4 171
Tsp.cL1951 19511952 1010 IA3 99
Tsp.cL2449 2449-2450 627 1Al -

T. angustilobata Tan.cL1917 1917-1918 922 1B4 138
Tan.cL1931 1931-1932 733 1B4 165

T. suecica Tsu.cL1917 1917-1918 1207 1B4 171
Tsu.cL1931 1931-1932 676 1B4 165

T. showmanii Tsh.cL1951 1951-1952 814 I1A3 100

T. jamesii TjacL1917 1917-1918 934 1B4 151
TjaclL2449 2449-2450 350 1Al —

T. gelatinosa Tge.cL2449 2449-2450 322 1Al -

T. irregularis Tir.cL2449 2449-2450 511 1Al —

T. erici Ter.cL2449 2449-2450 405 1Al -

T. glomerata Tgl.cL2449 2449-2450 356 A1 -

aNomenclature of group | introns is according to [26]. Intron classification was carried out according to [7] and [29].

Pnt: nucleotides; aa: amino acids.

ablefor symbiotic lichen-forming green algae. For thisrea
son, we searched for introns within the plastid-encoded
rRNA large subunit gene from a number of common phy-
cobionts of the Trebouxia genus. This study is part of a
global investigation focused on the phylogenetic relation-
ships among lichen phycobionts based on comparisons of
the plastid-encoded rRNA genes and the evolutionary his-
tory of their introns within the context of lichen symbiosis.
Here, we amplified two regions of the gene in which arel-
atively high frequency of group | introns has been observed
in other members of the Chlorophyta [32]. These two
regions (from position 1363 to position 2081, and from
position 2335 to position 2486 in E. coli LSU rDNA) were
amplified with specific primer pairs (23ST1/23ST2 and
23ST3/23ST4, respectively) and sequenced in nine
Trebouxia species. The obtained sequences are accessible
in GenBank: Trebouxia angustilobata (FJ694755), T. erici
(EU352795), T. gelatinosa (FJ687229), T. glomerata
(FJ687228), T. irregularis (EU725861), T. jamesii (EU352
794), T. showmanii (FJ694756), T. suecica (FJ694757) and
Trebouxia sp. (EU600236) from the lichen Ramalina fari-
nacea (L.) Ach. All of the sequences of the chloroplast
LSU rDNA of Trebouxia phycobionts available to date,
except that of Trebouxia aggregata, which has aready
been published [27], were determined by our laboratories.
We aso determined experimentally the precise 5 and 3
ends of these introns and their splicing in vivo by amplify-
ing and seguencing the corresponding cDNASs (data not
shown).

Fourteen different group | introns were identified among
the Trebouxia speciesinvestigated, as summarized in Table 1.
This relatively high number of introns contrasts with the fact
that, generally, for the free-living Trebouxiophyceae
described to date no introns within the plastid LSU rDNA
have been reported [10].

All introns analyzed in this study (Table 1) have charac-
teristics indicating that they are of the group | type: (i) the
base-paired stems P3, P4, P5, P6, P7, and P8; and (ii) canon-
ical conserved sequences P, Q, R, and S (Table 2), character-
istic of subgroup IA and IB intron cores [29]. The phylo-
grams depicted in Fig. 1B, C indicate that the analyzed
introns are grouped with other introns of the same subgroup,
and inserted at the same position within the gene encoding
the plastid LSU rDNA.

LAGLI-DADG HEs within group | introns in the
chloroplast LSU rDNA of Trebouxia photobionts.
To obtain relevant information about intron transfer processes,
we searched for open reading frames (ORFs) within the group |
introns under study. The results, summarized in Table 1, indicat-
ed that eight of the 14 studied introns potentialy encoded HEs.
Introns inserted a positions 1917, 1931, and 1951 contained
ORFs encoding putative proteins of 99-171 amino acids
(Ten.cL1917, TjacL 1917, Tsp.cL 1917, Tsu.cL 1917, Tan.cL 1931,
Tsu.cL1931, Tsh.cL1951, and Tsp.cL1951). Interestingly, none
of the introns inserted at position L2449 encoded a protein. The
OREF localization within the corresponding introns followed a
characterigtic pattern depending on the intron subgroup: the IA1
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subgroup introns featured the loop of the P8 helix; the IA3 and

Table 2. Conserved core elements of Trebouxia plastid LSU rDNA introns

Subgoup Intron name P4 (P) P4 (Q) P7 (R) P7" (S
IAL Ter.cL 2449 UGCAAA UUUGCAGCG CGUUCAACGACUA UAGUCU
Tge.cL2449 UGCAAG UUUGCAGCG CGUUCAACGACUA UAGUCU
Tgl.cL 2449 UGCAAA UUUGCAGCG CGUUCAACGACUA AGGUCU
Tir.cL 2449 UGCAAA UUUGCAGCG CGUUCAACGACUA UAGUCU
Tja.cL2449 UGCAAA UUUGCAGCG CGUUCAACGACUA UAGUCU
Tsp.cL2449 UGCAAA UUUGCAGCG CGUUCAACGACUA UAGUCU
IA3 Tsh.cL1951 ACGGUG UACCGCGGG CCUGUAACGACUG UAGUCU
Tep.cL1951 ACGGUG UACCGCGGG CCUGUAACGACUG UAGUCU
B4 Tan.cL1917 UGCUGG UCAGCAGGA UCCUCAGAGACUA UAGUCC
TjacL1917 UGCUGG UCAGCAGGA UCCUCAGAGACUA UAGUCC
Tsp.cL 1917 UGCUGG UCAGCAGGA UCCUCAGAGACUA UAGUCC
Tsu.cL1917 UGCUGG UCAGCAGGA UCCUCAGAGACUA UAGUCC
Tan.cL 1931 UGCUGG UCAGCAGGG CCCUCAGAGACUA uuGUCC
Tsu.cL1931 CGCUAG UCAGCAGGG CCCUCAGAGACUA UUGUCA

Nomenclature of group | intronsis according to [26]. Conserved sequences of the subgroup |A and IB intron cores are according to [29].

Relationship between

introns at positions

B4 subgroups featured an extension from the peripheral loops
towards the intron core structure.

More importantly, all of these putative proteins contained
one LAGLIDADG motif, identified by using Pfam v21.10
[17], characteristic of the HE involved in intron mobility. The
LAGLIDADG family of HE comprises more than 200 pro-
teins and is the most diverse of the HE families since its
members are present in the genomes of plant and algal
chloroplasts, fungal and protozoan mitochondria, bacteria,
and archaea [37]. One reason for the wide distribution of
these proteins appears to be their ability to invade unrelated
types of intervening sequences, including group | introns.
Although LAGLIDADG proteins display almost no similari-
ty in terms of primary sequence, they share a conserved
three-dimensional structure and use a flexible homing-site
recognition strategy without significant loss of binding affin-
ity or cleavage efficiency [37]. The biochemical basis of this
mechanism is to make undersaturated DNA—protein contacts
across long DNA target sites. Taking into account the role of
the group | ribozyme in splicing and homing, it is probable
that HE ORFs are under strong selective pressure to maintain
both the catalytic RNA function in splicing and the produc-
tion of afunctional HE protein.

L1917, L1931 and L1951 with bacterial group |
introns. With respect to host evolution, an examination of
the LSU rDNA tree (Fig. 1B) shows that the members of the
Trebouxia genus analyzed in this study form two distinct
main lineages: lineage 1, defined by T. angustilobata, T.gelati-
nosa, T. jamesii, Trebouxia sp., T. showmanii, and T. suecica;
and lineage 2, defined by T. erici, T. glomerata, and T. irreg-
ularis. The monophyletic origin of each of these two lineag-
es is supported by high bootstrap values. When the different
introns were mapped onto the host phylogeny (Fig. 1B), itis
noteworthy that introns inserted at positions 1917, 1931, and
1951 were restricted to lineage 1 and seemed to be inherited
by a common ancestor. This fact is consistent with a stable
inheritance (or loss) of the 1917, 1931, and 1951 group |
introns throughout the evolutionary history of these
Trebouxia species of lineage 1 (however, this hypothesis is
based on limited data). For instance, the distribution of the
1917 introns indicates their retention in most of Trebouxia
species and their possible loss in T. gelatinosa (Fig. 1B,C).
To test the hypothesis of inheritance of the 1917 introns from
a common ancestor, the partition homogeneity test (PHT)
was implemented [15]. Thistest indicates whether the phylo-
genetic history of the L1917 introns differs from that of the
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Fig. 1. Genetic map and phylogenies of plastid LSU rDNA and their group | introns from Trebouxia spp. (A) Genetic map of the sequenced portions of plastid LSU
rDNA from Trebouxia spp. (1363-2081 and 2335-2486 positions in Escherichia coli). Light gray boxes represent the amplified and further sequenced portions of
the gene. Discontinuouslinesindicate non-amplified portions. Primer pairs: 23ST1/23ST2 and 23ST3/23ST4, which amplified these two portions of the gene, respec-
tively, are depicted at the bottom as horizonta arrows. Intron positions (1917, 1931, and 2449) are indicated with vertica arrows. The scale bar at the top indicates
nucleotide positionsin E. coli. (B) Phylogeny of chloroplast LSU rDNA. The analysis of chloroplast LSU rDNA was based on 647 aligned sequence positions (200
parsmony-informative sites). Different introns inserted at fixed positions and labeled with specific symbols (see legend at the right) are mapped onto the host phy-
logeny. (C) Phylogeny of chloroplast LSU rDNA group | introns. The analysis was based on 1511 sequence positions (569 parsimony-informative sites). Asterisks
indicate the presence of putative HEs. Vertical bars on the right denote introns that share insertion positions as well asintron subgroups (indicated at right of the bar).
Phylograms were inferred with the maximum-likelihood method. Vaues at the left of the dash mark were inferred with a Bayesian anadys's; those at the right of the
dash mark, with a maximum-parsimony method,; those below the branches indicate bootstrap vaues. Bootstrap values were recorded only for those lineages sup-
ported by 50% of al (1000) replicates. The scale bar indicates the inferred number of substitutions per site.
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Fig. 2. Unrooted phylogenies of plastid
group | introns inserted at positions
L1917, L1931, and L1951 and those of
other similar group | introns. (A)
Phylogram based on intron sequences.
Theanalysis of intronsinserted at posi-
tions 1917, 1931, and 1951 was based
on 1981 aligned sequence positions
(778 parsimony-informative sites). The
phylogram was inferred with the max-
imum-likelihood method. (B) Phylo-
gram based on the corresponding HE
proteins. The analysis of HEs encoded
within the introns inserted at positions
1917, 1931, and 1951 was based on
100 aligned sequence positions. Data
sets were subjected to distance analy-
ses using the neighbor-joining method
and the minimum evolution criterion.
In both phylograms, bacterial introns
(B) are shown on a light-gray back-
ground, chloroplast introns (C, al from
green agae) on a black background,
and introns from mitochondria of
Acanthamoeba castellanii (M, al from
Ascomycota) on a dark-gray back-
ground. Vertical bars on theright of the
tree denote groups shareing insertion
positions in the LSU rDNA. Values at
the left of the slash mark were inferred
with a Bayesian analysis, those at the
right of the dash mark, with a maxi-
mum-parsimony method; those below
the branches indicate bootstrap values
(1000 replicates). Vaues were record-
ed only for lineages supported by 50%
of all replicates. The scale bar indicates
the inferred number of substitutions

host. A data partition was established between exonic (posi-
tions 1363-1917 of plastid LSU rDNA) and intronic (corre-
sponding to all 1917 introns) sequences. The results indicat-
ed that these two datasets did not differ according to the PHT
(P=1), supporting the initial hypothesis of vertical transmis-
sion of L1917 introns from a common ancestor.

A search of the NCBI

per site.

databases with BLAST using the

obtained Trebouxia group | introns L1917, L1931, and L1951
showed significant homologies with introns in the LSU rDNA
of distantly related organisms such as prokaryotesin addition to
chloroplasts from green agae and mitochondria of the ameboid
protist Acanthamoeba castellanii. The phylograms in Fig. 2
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Fig. 3. Unrooted phylogeny of plastid and mitochondrial L2449 group | introns. The analysis of introns inserted at position 2449 was
based on 859 aligned sequence positions (151 parsimony-informative sites). Phylogram was inferred with the maximum-likelihood
method. Values at the left of the dash mark were inferred with a Bayesian analysis, those at the right of the dash mark, with a maximum-
parsimony method; those below the branches indicate bootstrap values (1000 replicates). Values were recorded only for those lineages
supported by 50% of al replicates. The scale bar indicates the inferred number of substitutions per site. Fungal introns are in black let-
ters on awhite background; those from green algae are in white letters on a black background.

correspond to intronsinserted at positions 1917, 1931 and 1951
(Fig. 2A) and the encoded HE (Fig. 2B). Our inferred phyloge-
netic trees indicated that Trebouxia introns and their HE form a
cluster with al other known introns or HE with the same inser-
tion site in bacteria and chloroplasts from other green algae
(Fig. 2). These findings are consistent with the hypothesis of
horizontal transmission of these genetic elements among green
algae chloroplasts and bacteria. Accordingly, it was proposed
that the acquisition of intron-HEG elements (precisely at posi-
tions 1917, 1931, and 1951) by severa thermophilic bacteria
and cyanobacterid strains occurred through horizontal transfer
from eukaryotic organisms [22,30]. The biological connections
among these organisms and the mode of group | intron trans-
mission is unclear. In the case of the introns within the mito-
chondrial LSU rDNA of Acanthamoeba castellanii, Haugen et
al. (2007) pointed out that the bacteria Smkania negevensis is
capable of growing and persisting in acanthamoeba cells, indi-
cating a potential association between these two organisms
which harbor 1931 introns. The presence of nonphotosynthetic
bacteria has also been detected in lichen thali by electron
microscopy [11,36]. More recently, in situ hybridization exper-
iments and fluorescence-labeled nucleic acid probes comple-
mentary to rRNAs alowed the improved characterization of
bacteria within lichen thalli [6].

Relationship between introns at position L2449
with yeast mitochondrial group | introns. In con-
trast to 1917 introns, comparisons of the chloroplast LSU
rDNA and 2449 group | intron phylogenies of Trebouxia

species provided evidence against a stable ancestry of the
intron within this genus. As shown in Fig. 1B,C, the phylo-
genies of 2449 introns are not congruent with those of the
host gene (chloroplast LSU rDNA). To investigate incongru-
ence between these phylogenies, the PHT [14] was applied,
which established a data partition between exonic (positions
1363-1917 of the plastid LSU rDNA gene) and intronic (cor-
responding to all 2449 introns) sequences. The results sug-
gested that 2449 introns have different phylogenetic histories
than the host since the two datasets differed significantly
according to the PHT (P < 0.001). Such phylogenetic incon-
gruenceis strong evidence for horizontal transmission among
different Trebouxia species. Nonetheless, these analyses
alone do not guarantee the phylogenetic relationships of
donor and recipient species. For example, it is not clear
whether the transfers occurred among different members of
Trebouxia or whether the genus repeatedly exchanged ele-
ments with more distantly-related taxa, as in the case of
introns 1917, 1931, and 1951. To address this issue, a
BLAST search of the NCBI databases was carried out using
the sequences of 2449 introns from each of the different
Trebouxia species. Significant matches with introns within
the mitochondrial LSU rDNA of several Saccharomyces
yeasts were found. Interestingly, the 2449 position in the
mitochondrial LSU rDNA in yeasts is occupied by an o-HE-
containing group | self-splicing intron [25]. In 1999,
Goddard and Burt [19] provided compelling evidence of hor-
izontal transmission of intact mitochondrial DNA sequences
among yeast species by surveying 20 species of yeast for a
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particular HEG class known as o (also known as rl and Sc
LSU.1). Figure 3 shows a phylogram of introns inserted at
position 2449 containing a broad mixture of sequences from
green agae chloroplast and fungal (Ascomycetes) mitochon-
dria. The fact that several chloroplast sequences are closely
related to a number of fungal mitochondria sequences
strongly indicates a history of horizontal transmissions.
Interestingly, none of the L2449 introns included in Fig. 3
had any ORFs, except Tsp.cL 2449, which encoded a putative
protein of 71 amino acids. Thisrelatively short protein could
result from a degeneration of the encoding ORF, rendering a
non-functional w-HE, since functional m elements in yeasts
have a half-length of more than 200 amino acids.
Additionally, we observed different intron states among the
studied Trebouxia species: (i) an intron with a residual w-
HEG, in Trebouxia sp.; (ii) an intron without HEG, in T. erici,
T. gelatinosa, T. glomerata, T. irregularis, and T. jamesii; and
(iii) no intron, in T. angustilobata, T. showmanii, and T. sue-
cica (Fig. 1B). These data are consistent with the perpetual
cycle of invasion by transmission, followed by degeneration,
eventual loss, and then re-invasion proposed for the o ele-
ment in yeast [19]. Again, the observed different intron states
were not congruent with the host phylogeny based on plastid
LSU rRNA sequences (Fig. 1), reinforcing the notion that
these introns were transferred horizontally among Trebouxia
species, organelles (chloroplasts-mitochondria), and/or
organisms (algae-fungus).

Possible horizontal transmission of group |
introns among lichen symbionts. Lichen associa
tions are one of the most successful lifestyles among the fungi,
representing almost 20% of the 65,000 described fungi [12].
Almost all of the 13,500 lichen-forming species are
Ascomycetes (lichen-forming fungi represent 40% of all
described Ascomycetes) and only about 50 are Basidio-
mycetes. These data are consistent with the fact that some of
our studied Trebouxia introns showed a significant similarity
to those of distantly related organisms such as prokaryotes and
fungi. The very restricted and sporadic phylogenetic distribu-
tion of group | introns (especially within bacteria, mitochon-
dria, and chloroplasts) suggested that they have been frequent-
ly transferred horizontally. Ahmadjian (1993) [1] suggested
that lichen symbionts exchange genetic material and, a decade
later, Friedl et al. [18] proposed that lichenization facilitates
intron lateral transfer. In addition, in the last few years, the
existence of “mycosomes’ in cultures of Trebouxia erici has
been described [2]. Mycosomes are defined as wall-deficient
reproductive fungal propagules associated with algal and plant
plastid development. Interestingly, the isolated mycosomes
from T. erici were identified as a variant of the original lichen

fungus of Cladonia cristatella, which contained T. erici as
photobiont [2]. It is noteworthy that the strain of Trebouxia
erici sequenced in our study (SAG 32.85 identical to UTEX
911) wasisolated from the same species of lichen. Mycosomes
may facilitate an interchange of genetic material between pho-
tobionts and fungi. Lichenoidal fossils suggest that the early
steps of lichenization occurred in a marine ecosystem where a
large number of free-living cyanobacteria, algae, and fungi
were in close association, a necessary step in the evolution of
symbiosis [40]. It is plausible to propose the symbiogenetic
thalli of some lichens as a possible scenario for the horizontal
transfer of genetic material among distantly related organisms
such as bacteria, fungi, and green algae.
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