Microbes Environ. Vol. 30, No. 2, 172-179, 2015

. . . . . . MICROBES AND
https://www.jstage.jst.go.jp/browse/jsme2  doi:10.1264/jsme2.ME14156 @ ENVIRONMENTS

Phylogenetic Diversity of Peltigera Cyanolichens and Their Photobionts
in Southern Chile and Antarctica

CATALINA ZURNIGA', DIEGO LEIVA', LiA RAMIREZ-FERNANDEZ', MARGARITA CARU', REBECCA YAHR?,
and JULIETA ORLANDO'*

'Department of Ecological Sciences, Faculty of Sciences, Universidad de Chile, Casilla 653. Santiago, Chile; and
2Royal Botanic Garden Edinburgh, 204 Inverleith Row, Edinburgh, UK EH3 5LR

(Received November 17, 2014—Accepted March 6, 2015—Published online April 28, 2015)

The lichen genus Peltigera has been mainly revised in the Northern Hemisphere, with most species being recorded in
Europe and North America. This study assessed the phylogenetic diversity of the mycobionts and cyanobionts of Peltigera
cyanolichens collected in Southern Chile and Antarctica, areas in which lichens are extremely diverse but poorly studied. The
operational taxonomic units (OTUs) of each symbiont were defined by analyzing the genetic diversity of the LSU and SSU
rDNA of the mycobionts and cyanobionts, respectively, and a phylogenetic approach was used to relate these OTUs with
sequences previously reported for Peltigera and Nostoc. Among the 186 samples collected, 8 Peltigera and 15 Nostoc OTUs
were recognized, corresponding to sections Peltigera, Horizontales, and Polydactylon, in the case of the mycobionts, and to
the Nostoc clade 11, in the case of the cyanobionts. Since some of the OTUs recognized in this study had not previously been
described in these areas, our results suggest that the diversity of Peltigera reported to date in the regions studied using traditional
morphological surveys has underestimated the true diversity present; therefore, further explorations of these areas are recommended.
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Lichens are stable symbiotic associations between a fungus,
or mycobiont, and at least one photo-autotrophic component,
or photobiont, consisting of a micro-alga and/or cyanobacte-
rium. In the latter case, they are called cyanolichens and
comprise approximately 10% of the currently known lichen
symbioses (10).

Approximately one fifth of all known fungi have been
described as obligately lichen-forming species (19), reflecting
the evolutionary success of this symbiotic association.
Moreover, since the diversity of lichens has mainly been
determined based on morphological characteristics, recent
studies clearly demonstrated that the total number of
lichen-forming fungi was underestimated due to the existence
of cryptic species, which are either not evident macroscopi-
cally or have been generally overlooked and only distin-
guished by molecular analyses (e.g. 7, 23, 24). The diversity
of lichen-associated photobionts has also been underesti-
mated, with examples of cryptic and poorly-known species
(20, 44, 45, 48, 53) and even deeper previously unrecognized
divergences (22, 31, 35) being reported.

Peltigera lichens commonly occur in humid, mainly
shaded habitats, on the forest floor, or along roadsides or
other disturbed environments. They are predominantly terric-
olous or muscicolous (i.e., living on soil or mosses, respec-
tively) and are rarely saxicolous or corticolous (i.e., growing
or living on rocks or tree bark, respectively).

Symbiotic entities within Peltigera are represented by two
different types of associations: (i) bipartite symbioses involving
the fungus and a cyanobacterium (Nostoc) and (ii) tripartite
symbioses involving the fungus, a green alga (Coccomyxa) as
the main photobiont, and a cyanobacterium (Nostoc) located
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in external cephalodia on the upper or lower surface of the
thallus (27). Although the genus is readily recognized in the
field, it is a taxonomically complex group, and many chal-
lenges remain at the species level (13, 15, 27, 28).

This cosmopolitan genus, with an estimated number of
60-75 taxa (13, 19, 55), has been mainly revised in the
Northern Hemisphere (e.g. 15, 29), with most species
recorded from Europe and North America, but also in some
parts of the Southern Hemisphere such as New Zealand (11,
12), Australia (21), Papua New Guinea (47) and, recently,
Southern Chile (25, 40, 41). However, these last studies,
except for that by Ramirez-Fernandez et al. (41), were only
based on a morphological classification and, therefore, the
diversity of Peltigera in Chile may be underestimated.

Our main objective was to determine the diversity of
Peltigera symbionts from localities of Southern Chile and
Antarctica, which are very diverse regions that remain poorly-
studied in lichenological terms.

Materials and Methods

Study sites and lichen samples

A total of 186 Peltigera thalli-fragments were collected, 51 of
which were from the Coyhaique National Reserve (Aysén Region,
Chile; 45°31'42.96"S, 72°1'51.95"W; hereafter referred to as
Coyhaique); 60 from Karukinka Natural Park (Tierra del Fuego
Island, Chile; 54°07'51.67"S, 68°42'33.96"W; hereafter referred to
as Karukinka); 60 from Puerto Williams, (Navarino Island, Chile;
54°56'33.71"S, 67°37'42.36"W; hereafter referred to as Navarino);
and 15 from Whalers’ Bay (Deception Island, Antarctica; 62°5822.22"S,
60°34'32.55"W; hereafter referred to as Deception) (Fig. 1).

In Coyhaique, samples were collected from two Nothofagus
pumilio forests; in Karukinka and Navarino, from N. pumilio forests
and from grasslands without forest cover; and in Deception, from a
volcanic hillside (see Table S1 in the Supporting Information for
additional details).
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Fig. 1. Sampling sites. The locations of the four sampling sites are
shown in Arabic numbers. 1: Coyhaique, 2: Karukinka, 3: Navarino, 4:
Deception.

In each sampling site, specimens that were phenotypically differ-
ent, particularly in the color of the thalli, size of the lobes, presence
or absence of reproductive structures and, if present, type of repro-
ductive structures (sexual/asexual), were collected in order to sam-
ple most of the existing diversity of Peltigera at these locations.
Thalli were sampled at least 1 m from the next closest thallus to
avoid resampling the same genetic individual.

Pre-treatment of samples and DNA extraction

The collected portions of the lichen thalli were superficially
cleaned with a sterile brush and spatula, thoroughly rinsed with
sterile distilled water, and air dried at room temperature. Eighty to
100 mg of each cleaned portion were mechanically fractioned with a
mini-grinder, and DNA was extracted using the PowerSoil™ DNA
Isolation kit (MoBio Laboratories, Carlsbad, CA, USA) according
to the manufacturer’s instructions. The quality and integrity of the
extracted DNA were visualized in 0.8% (w/v) agarose gels in TAE
1x buffer (40 mM Tris-acetate, | mM EDTA [pH 8.0]) stained with
GelRed™ (Biotium, Hayward, CA, USA). All DNA samples were
stored at —20°C until analysis.

PCR amplification and sequencing

The fungal ITS region (ITS1-5.8S-ITS2) and LSU rDNA were
amplified with primers ITS1 and ITS4 (57), and LIC24R (27) and
LR7 (54), respectively.
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Cyanobacterial SSU rDNA was amplified with the primers PCR1
and PCR18 (58).

The cycling conditions followed recommendations described in
the studies above for each primer set using the GoTaq® Green
Master Mix (GoTaq® DNA polymerase in 1x Green GoTaq®
Reaction Buffer [pH 8.5], 200 uM of each dNTP, and 1.5 mM MgCl,)
(Promega, Madison, WI, USA) with a Maxygene thermocycler
(Axygen, CA, USA). The quality and size of the amplicons were
determined electrophoretically as described above, except that 1.2%
(w/v) agarose gels were used.

All amplicons were sequenced in one direction with the forward
primers using a sequencing service (Macrogen, Seoul, South Korea)
in the Genetic Analyzer 3730XL (Applied Biosystems, Carlsbad,
CA, USA).

Sequence analyses

DNA sequences were visually checked and manually edited on
Mega 5.2 software (52) and aligned with the Muscle alignment tool
(8) provided in the same software. Edited sequence fragments from
mycobionts and cyanobionts were both subjected to blast-n queries
(1) for an initial verification of their identities in comparison to the
non-redundant nucleotide database at GenBank (NCBI).

Phylogenetic analyses

Mpycobionts

In spite of extensive efforts to amplify the nuclear ribosomal
internal transcribed spacer (ITS), it was not possible to obtain the
high quality sequences necessary for a phylogenetic analysis in most
cases (data not shown) and, thus, LSU rDNA was instead used to
determine the phylogeny of the mycobiont.

Mycobiont operational taxonomic units (OTUs) were defined as
the groups of sequences that were 100% identical (nucleotide identity),
namely, no different sequences were included in the same OTU.

Phylogenetic analyses were performed on a fungal LSU rDNA
sequence set consisting of one representative of each of the different
mycobiont OTUs (i.e., no repeated sequences were included) plus a
selection of 67 Peltigera accessions selected from previous studies
on this genus (14, 27, 28) and downloaded from GenBank. The
accessions included one representative of the sequenced species
reported in the above-mentioned studies (not including the
Hydrotheriae clade; 30) and, if the same species was reported in
more than a single geographic site, representatives of each site were
included in the selection. The presence of ambiguously aligned
nucleotides was determined using default parameters on the web
server Guidance (38), and these were removed prior to subsequent
phylogenetic reconstructions of maximum likelihood (ML) and
Bayesian inference (BI). ML analyses were performed on the T-REX
web server (5) under the PhyML algorithm. The best nucleotide
substitution model was determined with the help of jModelTest
2.1.1. (39) under the corrected Akaike Information Criteria (AICc),
which suggested the TIM2+I+G as the best fitting model of evolu-
tion for the ML analyses. Since this model could not be implemented
in PhyML, the data set was analyzed using the GTR+I+G model of
evolution because it was the closest model available in PhyML.

Bayesian Inference (BI) was carried out based on the same model
of evolution selected and using the Metropolis-coupled Bayesian
Markov chain Monte Carlo algorithm (MC)? implemented in the
software MrBayes 3.1.2 (16). Four independent runs were made of
10 million generations each, with the chains being sampled every
1,000 generations. The first 2,500 samples were discarded as
burn-in, and convergence was assessed by examining all parameters
using Tracer v. 1.5 (Rambaut ef al. 2014 available at: http://beast.
bio.ed.ac.uk/Tracer).

In the fungal analyses, Solorina saccata isolate AFTOL-ID 127
was used as an outgroup (accession number DQ973044). OTUs
were named based on statistically supported nodes (Bootstrap >75%
and PP >0.95) recovered in the phylogenetic analysis.

Cyanobionts
In the case of the cyanobionts, OTUs were defined under the same
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criteria used for the mycobionts, namely, each OTU was comprised
of identical sequences. ML and BI phylogenetic reconstructions
were performed on a cyanobacterial SSU rDNA sequence set that
consisted of one representative of each cyanobacterial OTU plus
49 Nostoc SSU rDNA sequences downloaded from GenBank for
comparisons. These sequences included a selection of the Nostoc
sequences reported by O’Brien ef al. (33), in addition to close
matches to our cyanobionts according to the blast-n results if they
were not already included in the selection from O’Brien et al. (33).
Both phylogenetic analyses were performed as described in the case
of the mycobionts, except that the TPM2uf+I+G was selected as the
best nucleotide substitution model. This model could not be imple-
mented in PhyML; therefore, the data set was analyzed using the
GTR+I+G model of evolution as it was the most similar model
available in PhyML. In the cyanobacterial analyses, Fischerella
muscicola strain PCC7414 (accession number AF132788) was set as
an outgroup.

All phylogenetic trees were drawn on the program TreeGraph
2.0.54-364 beta (51).

Rarefaction analyses

With the aim of determining whether the sampling was sufficient
to cover the expected richness of the mycobionts and cyanobionts in
each locality, the number of specimens in the different sampling
sites was adjusted to a theoretical rarefaction curve by a non-linear
regression (GraphPad Prism 4.0). In order to perform this adjust-
ment, the values were first homogenized by extrapolating them to
the number of specimens present at the sites in which the highest
number of samples was collected (EstimateS; Colwell 2013 avail-
able at: http://purl.oclc.org/estimates). The coverage estimation was
subsequently calculated according to Cx = /— (N,/n), where N,: the
number of operational taxonomic units (OTUs) and n: the total
number of individuals. The Margalef index was then calculated
according to Dy, = (S—1)/In N, where S: the number of OTUs and N:
the total number of individuals collected, and the Chaol estimator
according t0 Sgjeer = Sopst(n//2n5), where S, the number of
observed OTUs, n;: the number of singletons (OTUs detected once),
and n,: the number of doubletons (OTUs detected twice).

Nucleotide sequence accession numbers

The sequences obtained were deposited in the GenBank database
under accession numbers KF718515 to KF718640 (LSU rDNA) and
KF718389 to KF718514 (SSU rDNA), and were added to the dataset
previously generated from Karukinka (41) (see Table S1 in the
Supporting Information for additional details).

Results

Mycobionts

One hundred and eighty-six fungal LSU rDNA sequences
were successfully amplified from the DNA extracted directly
from the lichen samples. A blast-n analysis on these sequences
confirmed that they all belonged to the genus Peltigera.
Among the 186 amplicons, 8 different OTUs were established
and named from M1 to M8 (see Table S1 in the Supporting
Information for additional details). The morphological char-
acteristics analyzed confirmed these groupings since morphology
differed among them, but was consistent within each group.

In order to determine the relationship of these specimens to
other Peltigera lichens from the rest of the world, a sequence
set was created consisting of one representative of each group
plus the 67 LSU rDNA Peltigera sequences downloaded
from GenBank, giving a final set of 76 sequences with 728
nucleotide positions each. This sequence set was subjected to
ML and BI analyses and, given that both yielded similar tree
topologies, only the best tree obtained from the ML was
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shown (Fig. 2). All parameters from the Bayesian analysis
reached convergence across runs, with estimated sample
sizes exceeding 200, potential scale reduction factors all
equal to 1.00, and the average standard deviation of split fre-
quencies equal to 0.004.

Phylogenetic reconstructions placed mycobionts M1 to M8
in different positions within Peltigera (Fig. 2, bold names).
According to the classification of this genus into the sections
proposed by Miadlikowska & Lutzoni (27), our samples
belonged to sections Polydactylon (M8), Horizontales (M7),
and Peltigera (M1 to M6).

Within these sections, most of our mycobionts formed
defined and well-supported monophyletic groups (>75%
bootstrap and >0.95 posterior probabilities) with some of the
other Peltigera species downloaded from the database: M1
was closely related to P. ponojensis, M2 to P. extenuata, M4
to P. rufescens, and M6 to P. frigida. The rest of our mycobi-
onts were closely related to more than one species, also
forming defined and well-supported monophyletic lineages:
M5 with P. evansiana / P. canina / P. “fuscopraetextata” | P.
“pallidorufescens” | P. praetextata | P. “boreorufescens”
(hereafter the P. canina lineage), M7 with P. neckeri / P.
collina | P. polydactyloides (hereafter the P. neckeri lineage),
and M8 with P. polydactylon | P. occidentalis | P. scabrosella
!/ P. pacifica | P. hymenina /| P. pulverulenta (hereafter the P.
hymenina lineage). M3 was the only mycobiont that was not
closely related to any of the sequences downloaded from the
database and, thus, was not classified beneath the section
level. In spite of several attempts to obtain high quality ITS
sequences for this sample, it was only possible for a 200
nucleotide fragment of this region. A blast-n analysis of this
fragment showed, with a 98% nucleotide identity, that this
specimen may be related to P. “granulosa” and P. “papuana”,
both described by Sérusiaux et al. (47) as new species from
New Guinea. Moreover, its ITS1-HR (ITS hyper-variable
region) (28) was similar to that proposed for the new putative
group P. “papuanorum’, which includes both species and
was briefly described by Lutzoni ef al. (available at: http://
www.peltigera.lutzonilab.net). However, the ITS1-HR of M3
was interrupted by an insert of 86 nucleotides, which sug-
gested that it may belong to a new, still undescribed, species.

According to the rarefaction curves, the theoretically
expected mycobiont types at each sampling site were 7, 8, 5,
and 1 for Coyhaique, Karukinka, Navarino, and Deception,
respectively, which were consistent with the values predicted
by the Margalef index and Chaol estimator (Table 1).
Therefore, the sampling covered 88%, 88%, 92%, and 93%,
of the expected Peltigera species richness at Coyhaique,
Karukinka, Navarino, and Deception, respectively (Table 1).

Cyanobionts

All 186 cyanobacterial SSU rDNA sequences were suc-
cessfully amplified from the lichen samples. Every sequencing
reaction produced clean reads with no secondary peaks, sug-
gesting that only a single photobiont genotype dominated in
each lichen thallus. A blast-n analysis on these sequences
confirmed that they all belonged to the genus Nostoc. Among
the 186 amplicons, 15 different OTUs were established and
named from C1 to C15 (see Table S1 in the Supporting
Information for additional details).
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Fig. 2. Phylogenetic relationships among Peltigera mycobionts. Phylogeny was based on a maximum likelihood analysis of 76 LSU rDNA
sequences, which included 728 nucleotide positions. Support values are indicated as wide branches for nodes that received significant support by
either maximum-likelihood bootstrap values >75% (black upper half), Bayesian Inference pp values >0.95 (black lower half), or both (complete
black rectangle). The mycobionts from this study, named M1 to M8, are shown in bold. Their geographical origin is also indicated for each mycobi-
ont and the number of specimens per sampling site is shown between parentheses. The division of the species into sections corresponds to the clas-
sification proposed by Miadlikowska & Lutzoni (27). Taxa in quotation marks correspond to those that have not yet been formally published. Codes
in square brackets next to the sequences downloaded from the database correspond to their accession numbers. The geographical origin of these
specimens is also shown next to their names and separated by a slash.
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Table 1. Rarefaction, estimated richness coverage and diversity parameters for mycobionts and cyanobionts from different sampling sites.
Site Observed types Sampled specimens Theoretical types? R? Coverage (%) Margalefindex Chaol estimator
Coyhaique 6 51 7 0.9674 88 5.7 6.5
Mvcobionts Karukinka 7 60 8 0.9899 88 6.8 8.0
y Navarino 5 60 5 0.9904 92 4.8 5.0
Deception 1 15 1 ND 93 0.6 1.0
Coyhaique 5 51 6 0.9804 90 4.8 5.0
Cvanobionts Karukinka 10 60 12 0.9941 83 9.8 11.5
Y Navarino 9 60 10 0.9932 85 8.8 12.0
Deception 1 15 1 ND 93 0.6 1.0

2 The theoretical number of OTUs in each sampling site was inferred by adjusting each rarefaction curve to a theoretical curve by non-linear regres-

sion (see Materials and Methods for details).

In order to determine how these cyanobionts were related
to other Nostoc strains from different parts of the world, a
sequence set was created, consisting of one representative of
each of our 15 groups along with the 49 Nostoc SSU rDNA
sequences downloaded from the GenBank database, giving a
final set of 65 sequences with 690 nucleotide positions each.
Phylogenetic analyses of ML and BI were performed on this
sequence set and, since both yielded similar tree topologies,
only the best tree obtained from the ML is shown (Fig. 3). All
parameters from the Bayesian analysis reached convergence
across runs, with estimated sample sizes exceeding 200,
potential scale reduction factors all equal to 1.00, and average
standard deviation of split frequencies equal to 0.006.

The analyses showed that all our cyanobionts belonged to
the Nostoc 11 clade proposed by O’Brien et al. (33) (Fig. 3),
and the Peltigera guild proposed by Rikkinen et al. (43) (data
not shown).

All the Nostoc sequences reported in this study were
related (>97.5% nucleotide identity) to cyanobionts previ-
ously found in other lichens such as Peltigera and Nephroma
from North America and Europe, except C6, which was more
related to European free living Nostoc strains, and C1 and
C12, more closely-related to cyanobionts described from
South American Peltigera specimens.

According to the rarefaction analysis, we expected 6, 12,
10, and 1 cyanobiont types at each sampling site, for
Coyhaique, Karukinka, Navarino, and Deception, respec-
tively. For their part, the Margalef index and the Chaol esti-
mator resulted in similar richness values (Table 1) and,
hence, the coverage of the expected cyanobiont richness
reached by the sampling was of 90%, 83%, 85%, and 93%,
for Coyhaique, Karukinka, Navarino, and Deception, respec-
tively (Table 1).

Discussion

The rarefaction analyses, which were carried out to esti-
mate the representativeness of the sampling, showed, in the
case of the mycobionts, that it was sufficient to cover the vast
majority of the theoretical richness of Peltigera species in the
different locations, reaching approximately 90% of the
expected richness values. In the case of the cyanobionts, the
sampling covered over 80% of the theoretical richness of
Nostoc in these locations. Therefore, our sampling approach,
which was not based on a priori species hypotheses, captured
a large amount of the Peltigera and Nostoc diversities in the
sites examined, offering an effective way to gain an insight

into the diversity of the species and their interactions in
poorly-studied locations.

Mycobionts

By intensively sampling terricolous Peltigera spp. across
four sites in Southern Chile and Antarctica, we detected 8
different mycobionts and 15 cyanobionts in the 186 samples
tested, which represented a high proportion of the expected
diversity. A phylogenetic reconstruction of the mycobionts,
including sequences from Europe, North America, Asia, and
Australia and a few from South America (Argentina, Brazil,
Chile, Ecuador, and Venezuela), which were all previously
described in key treatments (e.g. 14, 27, 28), showed that
most of our mycobionts (6/8) were part of the infra-generic
section Peltigera, while the other 2 belonged to the sections
Horizontales and Polydactylon, respectively (27). Four out of
the 8 OTUs (M1, M2, M4, and M6) were placed with a rela-
tively high degree of confidence, supported on short branches,
within clusters comprised of single-species accessions (Fig. 2).

Few studies have investigated the diversity of Peltigera in
the regions examined in the present study; being the general
revision of the distribution patterns in the genus performed by
Martinez et al. (25), the only study that covered the four
sampling sites. Quilhot e al. (40) reported the lichen diver-
sity in Aysén Region (~110,000 km?), in which the Coyhaique
National Reserve (21,500 km?) is located, and detected 13
species from which one of our mycobionts was not reported
(M1, related to P. ponojensis). On the other hand, the only
published studies on Peltigera at Karukinka corresponded to
a previous baseline study conducted in different areas of the
park (2) and our previous studies (41, 42), which included the
same Karukinka specimens analyzed in the present study. In
the other two sites, previous studies only found a small num-
ber of species including P. rufescens in the case of Navarino
(26) and P. didactyla in Deception Island (3, 37, 49). In this
last case, the only mycobiont present in Antarctica (M2) was
strongly related to P. extenuata, previously included in the P.
didactyla complex (14). Given that the species belonging to
this complex displayed similar morphological characteristics,
we are unable to discern which of them correspond to the
ones previously reported in Deception. Not all the species
previously identified based on morphological characteristics
(40) were detected in this study; these species may have
been present at the sites, but were rare enough to remain un-
sampled. However, the present study identified the presence
of other OTUs not previously reported in the study areas,
suggesting that the diversity of Peltigera was underestimated
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Nostoc sp. free living strain/Unknown origin [NR074310]
Anab variabilis/USA [NRO74300]

L Nostoc sp. free living strain/Indonesia [DQ185240]
C1/ Coyhaique (n=39)- Navarino (n=1)
Nostoc sp. from Peltigera sp./Argentina [JQ007785]
Nostoc sp. from Peltigera praetextata/USA [AY333639]
Nostoc sp. from Peltigera aphthosa/Switzerland [DQ185253]
C2/ Karukinka (n=20)
Nostoc sp. from Nephroma arcticum/Greenland [AY333638]
Nostoc sp. from Nephroma arcticum/Finland [AY328897]
C3/ Coyhaique (n=7)- Karukinka (n=7)- Navarino (n=4)
Nostoc sp. from Peltigera rufescens/Germany [DQ185221]
Nostoc sp. from Peltigera didactyla/Germany [DQ185220]
Nostoc sp. from Peltigera canina/Germany [DQ185222]
Nostoc sp. free living strain/Norway [EU022709]
C4/ Karukinka (n=2)
C5/ Karukinka (n=7)
Nostoc sp. from Peltigera lepidophora/Canada [DQ185246]
Nostoc sp. free living strain/Finland [A]630453]
Nostoc sp. from Peltigera didactyla/Iceland [DQ185206]
Nostoc sp. from Peltigera rufescens/England [DQ185205]
Nostoc sp. from Peltigera canina/Unknown origin [DQ185204]
- Nostoc sp. free living strain/Japan [AB088405]
C6/ Karukinka (n=1)
Nostoc sp. free living strain/Norway [EU022740]
Nostoc sp. free living strain/France [DQ185258]
Nostoc sp. free living strain/England [HF678494]
Nostoc sp. from Peltigera rufescens/Unknown origin [DQ185214]
C7/ Karukinka (n=15)- Navarino (n=4)
Nostoc sp. from Peltigera malacea/Canada [JX219483]
Nostoc sp. from Peltigera rufescens/Finland [JQ007762]
Nostoc sp. from Peltigera rufescens/Germany [DQ185217]
Nostoc sp. from Peltigera membranacea/USA [DQ185226]
Nostoc sp. from Peltigera canina/USA [DQ185225]
rNostoc sp. from Peltigera membranacea/Iceland [JX975209]
C8/ Karukinka (n=1)
- C9/ Navarino (n=1)
C10/ Coyhaique (n=2)- Karukinka (n=1)- Navarino (n=13)
Nostoc sp. from Anthoceros sp./Italy [DQ185209]
Nostoc sp. from Peltigera membranacea/Iceland [JX181775]
Nostoc sp. from Peltigera hymenina/Scotland [JQ007772]
'Nostoc sp. from Peltigera scabrosa/Norway [EU022727]
C11/ Navarino (n=18)
[Nostoc sp. from Peltigera neopolydactyla/Finland [JQ771626]
f Nostoc sp. from Peltigera membranacea/Norway [JQ007817]
Nostoc sp. from Peltigera degenii/Canada [DQ185244]
Nostoc sp. from Peltigera membranacea/ Canada [AF027653]
'Nostoc sp. from Peltigera neopolydactyla/USA [JQ007819]
~HC12/ Coyhaique (n=2)- Navarino (n=6)

'Nostoc sp. from Peltigera dolichorhiza/Argentina [JQ007769]
Nostoc sp. from Nephroma expallidum/Finland [AY333637]
Nostoc sp. from Peltigera didactyla/Poland [DQ185245]
C13/ Navarino (n=1)

Nostoc sp. from Peltigera praetextata/Scotland [JQ007767]
Nostoc sp. from Peltigera praetextata/Scotland [JQ007788]
[Nostoc sp. from Peltigera aphtosa/Switzerland [DQ185252]
Nostoc sp. from Peltigera horizontalis/USA [DG185228]
'Nostoc sp. from Peltigera membranacea/USA [DQ185227]

C15/ Karukinka (n=3)
Nostoc sp. from Peltigera membranacea/Canada [DQ185248]

C14/ Coyhaique (n=1)- Karukinka (n=3)- Navarino (n=12)- Deception (n=15)

Nostoc clade I

Nostoc clade II

L L L L TR L L L TR L
00 002 004 006 008 01 012 014 016 018 02 022

Fischerella muscicola PCC 7414 [AF132788]

Fig. 3. Phylogenetic relationships among Nostoc cyanobionts. Phylogeny was based on maximum likelihood analyses of 65 SSU rDNA sequences,
which included 690 nucleotide positions. Support values are indicated as wide branches for nodes that received significant support by either maxi-
mum-likelihood bootstrap values >75% (black upper half), Bayesian Inference pp values >0.95 (black lower half), or both (complete black rectangle).
The cyanobionts from this study, named C1 to C15, are shown in bold. Their geographical origin is also indicated and the number of specimens per
sampling site is shown between parentheses. The division of the species into Nostoc clades I and II corresponds to the classification proposed by
O’Brien et al. (33). Codes in square brackets next to the sequences downloaded from the database correspond to their accession numbers. The geo-
graphical origin of these specimens is also shown next to their names and separated by a slash.

in these locations.

The distribution of the lineages documented in this study
fit some biogeographic expectations, such as the tripartite
Peltigera species not being detected at the sampled locations,
regardless of their apparent abundance in studies from the
northern hemisphere (34, 56), and also P. frigida (related to
M6) being exclusively described in the southernmost part of
South America (25, 27). However, some of our results were

unexpected. For example, species from the P. neckeri lineage
(related to M7) and P. hymenina lineage (related to M8) were
rare in South America (25, 40), being defined commonly as
circumpolar (25). Furthermore, to the best of our knowledge,
there have been no reports of P. ponojensis (related to M1) in
South America, except for our previous studies from
Karukinka (41, 42). One specimen, M3, was not related to
any published sequence from the database, indicating that it
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could corresponded to a new undescribed species. Since
Peltigera has been poorly explored in the sampled regions, it
is possible that this lichen corresponds to a novel South
American species; however, we cannot rule out the possibility
that a DNA-based identification, despite its great potential to
accurately identify a high percentage of specimens to the
correct species, is limited by the availability of accurate
baseline taxonomic data (4, 32, 36). Moreover, apart from not
being accurately identified, this mycobiont may correspond
to a rare species because, from the nearly 200 lichens sam-
pled, it was only represented by a single specimen.

In spite of extensive efforts to amplify the nuclear ribo-
somal internal transcribed spacer (ITS), which has been pro-
posed as the universal DNA barcode marker for Fungi (46), it
was not possible to obtain high quality sequences in many
cases. A possible explanation is that mononucleotide runs in
the ITS, which are known to cause problems with Sanger
sequencing (18), are common in the genus Peltigera (28).
Although these problems can be overcome in most cases by
sequencing in both directions, this was not achievable in the
scope of this study and, thus, LSU rDNA was used instead,
even though it is not the highest resolution marker available
for fungi. Therefore, it is worth considering these results in
the possible light of the further resolution of mycobionts.

Even though we were relatively confident about the iden-
tity of half of our recognized specimens due to their short
branch lengths and strong statistical support in the phyloge-
netic analyses, identification using comparisons with extant
sequenced vouchers opened two possibilities that must be
considered. Sequenced voucher specimens may be misidenti-
fied, which is not uncommon, particularly for fungal acces-
sions in GenBank (6, 32). Furthermore, unrecognized diversity
may exist for the relatively poorly explored South American
continent (25); therefore, identified or sequenced vouchers do
not exist for some of the lineages actually present in Chile.
Further studies are required to fully explore the morphologi-
cal and genetic diversity present using more surveys in addi-
tion to higher resolution markers.

Cyanobionts

Regarding the cyanobionts, all symbiotic Nostoc sequences
determined in this study fell within the Peltigera guild
reported by Rikkinen ef al. (43) and within the Nostoc 11 clade
reported by O’Brien et al. (33). According to these studies, all
Nostoc strains that are symbiotically associated with Peltigera
belong to this group, along with other symbiotic and free
living strains, and they may all comprise one single species.

The sequences related to the cyanobionts of the present
study were generally from specimens collected in North
America and Europe, with the exceptions of Cl and C12,
which were the most similar to cyanobionts previously
described from South America, particularly from Argentina
(17), and C4, C8, and C13, which did not closely associate
with any known Nostoc species. C8 is of particular interest
because it was exclusively associated with M3, the mycobi-
ont that did not relate with any of the known Peltigera. None
of the cyanobacterial sequences of the present study was
closely related to sequences from Oceania, also from Nostoc
clade II, despite the recognized floristic relationship, for
example, between New Zealand and Southern Chile (9). The
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only cyanobiont present in Antarctica, C14, was closely
related to a Peltigera cyanobiont from Scotland (17), a humid
and temperate region with conditions very distant from those
present in Antarctica. However, it was also present in lichens
from Coyhaique, Karukinka, and Navarino, which suggests
this is a versatile strain capable of adapting to different eco-
logical conditions. In conclusion, the Nostoc sequences from
the present study did not present strong geographic patterns,
which was consistent with previous findings published by
Stenroos et al. (50) and Wirtz et al. (59) whose Nostoc clades
did not correlate with the geographic origin of the lichens,
suggesting that some Nostoc taxa are widely distributed.
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