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Interspecies associations have extensive implications for evolutionary 
and ecological success in all ecosystems, as organisms are constantly 
being shaped by their biotic and abiotic interactions (Thompson, 
2005). Of the many types of interactions among organisms, obligate 
mutualistic relationships represent some of the closest and most 
intimate associations (Boucher et  al., 1982). Dependence by one 
symbiotic partner can impose selective forces on both partners (i.e., 
coevolution). These interactions are mediated by abiotic factors (e.g., 
climate) and can differ greatly geographically (Thompson, 2005).

Lichens have long been considered and studied as model exam-
ples of mutualistic symbioses (Nash, 2008). With rare exceptions 
in Ostropales (Wedin et al., 2004; Baloch et al., 2010) where a loss 
of lichenization occurred (Lutzoni et al., 2001), the fungal partner 

(mycobiont) is always found in nature in association with a photo-
synthesizing partner (photobiont). In some cases, a secondary myc-
obiont (e.g., Basidiomycota yeast; Spribille et al., 2016) or photobiont 
(e.g., green alga and cyanobacterium together; Miadlikowska and 
Lutzoni, 2004) is part of the same lichen thallus. Because lichens 
are associations between heterotrophs (fungi), photoautotrophs 
(green algae and cyanobacteria), and sometimes organisms that 
fix atmospheric dinitrogen (cyanobacteria [Hodkinson et al., 2014; 
Darnajoux et al., 2017] and members of the Rhizobiales [Hodkinson 
and Lutzoni, 2009; Hodkinson et al., 2012]), they are ecologically 
successful in a wide variety of environments, including inhospitable 
areas such as hot deserts and cold polar regions (Cornelissen et al., 
2001; Nash, 2008).
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PREMISE OF THE STUDY: Factors shaping spatiotemporal patterns of associations in mutualistic 
systems are poorly understood. We used the lichen-forming fungi Peltigera and their 
cyanobacterial partners Nostoc to investigate the spatial structure of this symbiosis at an 
intrabiome scale and to identify potential factors shaping these associations.

METHODS: Ninety-three thalli were sampled in Québec, Canada, along a south–north and an 
east–west transect of ~1300 km each. We identified the two main partners (Peltigera species 
and Nostoc phylogroups) using molecular markers and modeled the effects of environmental 
variables and partner occurrence on Peltigera–Nostoc distributions.

KEY RESULTS: Peltigera species showed a high degree of specialization toward cyanobionts, 
whereas two Nostoc phylogroups dominated both transects by associating with several 
Peltigera species. Peltigera species had narrower ranges than these two main cyanobionts. 
Distributions of three Peltigera species were highly associated with precipitation and 
temperature variables, which was not detected for Nostoc phylogroups at this spatial scale.

CONCLUSIONS: For these cyanolichens, factors driving patterns of symbiotic associations are 
scale dependent. Contrary to global-scale findings, generalist Peltigera species were not more 
widespread within the boreal biome than specialists. Nostoc availability was not the only 
driver of Peltigera species’ geographic ranges; environmental factors also contributed to their 
intrabiome distributions. Climatic conditions (especially precipitation) limited the range of 
some Peltigera species more than the range of their cyanobacterial partners at an intrabiome 
(boreal) scale.
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The study of interspecies specificity (here restricted to the 
main lichen partners), defined as the number of partner species 
that are selected by one species throughout its geographic range, 
is essential for a comprehensive understanding of the lichen sym-
biosis (Otálora et al., 2010) and other symbioses in general. The 
specificity of lichen-forming fungal species and their main pho-
tobionts ranges from strict specialists (associating with only one 
species) to moderate specialists (associating consistently with 
a few species) to broad generalists (associating with many spe-
cies with little or no apparent selectivity). In general, the fungal 
partner of lichens has a higher degree of specificity in choos-
ing a photobiont than the photosynthetic partner, which has a 
lower degree of specificity toward mycobionts (e.g., Paulsrud and 
Lindsblad, 1998; Yahr et  al., 2004; O’Brien et  al., 2013; Magain 
et al., 2017a).

There are advantages and disadvantages at both ends of the spec-
trum. Higher specificity is thought to allow a partner to optimize 
the benefits obtained from the other partner, while low specificity 
can allow a partner to occupy more ecological niches (de Vienne 
et al., 2013). Although it is not entirely clear why mycobionts are 
usually specialists whereas photobionts are often generalists, sev-
eral factors seem to be implicated in this pattern. It has been hy-
pothesized that abundance can determine interaction frequency 
between species, because a relatively abundant species will have fre-
quent encounters with many other individuals of different species 
(Vasquez et al., 2007). Photobionts are much more widespread and 
common than their mycobiont counterparts (Werth, 2011), which 
may lead to increased interaction frequency and generalist behav-
ior. Interaction frequency can be considered a proxy for ecological 
effect, given that the most prevalent entity in a biological system is 
thought to create disproportionate influence (Vermeji, 1999, 2004). 
This is found to be the case in lichens especially at a small spatial 
scale, as photobionts are thought to have disproportionate influ-
ence over mycobionts, such that mycobionts are more dependent 
on photobionts for survival (Magain et al., 2017a; Chagnon et al., 
2018). Mycobionts thus often experience stronger pressure to adapt 
to a photobiont, which may contribute to their specificity (Chagnon 
et al., 2018).

Because these factors are not the only ones in play, the general 
trend of high mycobiont specificity and low photobiont specificity 
is not always observed. Mycobiont species have been found to as-
sociate with multiple photobiont phylogroups, which were used as 
proxies for species in the case of cyanobacteria (e.g., O’Brien et al., 
2005; Magain et al., 2017a, b). The drivers of variation in interac-
tion specificity have yet to be fully elucidated, but this variation 
has been linked to an interplay of genetically and environmen-
tally based factors. For example, a harsher regional climate may 
result in selective pressures toward greater flexibility in mycobiont 
partner choice (Wirtz et al., 2003; Pérez-Ortega et al., 2012; Singh 
et al., 2016). When a mycobiont lineage is colonizing a new bioge-
ographic zone with a different set of potential partners, flexibility 
in partner selection may be more beneficial, initially, than being a 
strict specialist (Singh et al., 2016; Magain et al., 2017a). However, 
long periods of evolutionary time may shift the pattern toward 
specialization, as the mycobiont experience differential fitness 
with different partners under the same environmental conditions. 
This may result in a mycobiont species associating selectively with 
one or a few closely related and ecologically adapted (e.g., to wa-
ter or sun exposure) photobiont phylogroups (Peksa and Škaloud, 
2011; Magain et al., 2017a).

The genus Peltigera Willd. presents an interesting system for 
analyzing association specificity and has been the subject of sev-
eral evolutionary studies at different temporal and spatial scales, 
designed to reveal patterns of association between symbionts. 
Some Peltigera species are strict specialists (i.e., only found to 
associate with one Nostoc Vaucher ex Bornet and Flahault phy-
logroup throughout their distribution), while others are broad 
generalists and associate with many Nostoc phylogroups (Magain 
et al., 2017a).

According to the worldwide study by Magain et al. (2017a, b), the 
geographic ranges of highly specialized Peltigera species in section 
Polydactylon seem to be limited by their partnering Nostoc’s distri-
bution, whereas generalist Peltigera species, or species associating 
with different phylogroups in different regions (local specialists; as 
reported by Blaha et al. [2006] and Nelsen and Gargas [2009]), can 
spread across wider and more diverse geographic regions through 
their multiple associations. At a global geographic scale, distribu-
tions of Nostoc phylogroups seem to be highly dependent on cli-
matic factors (Magain et al., 2017a).

A key element in understanding the evolution of generalist 
lichen-forming fungi may be host switches from one photobiont to 
another when they reach the limit of the distribution of one pho-
tobiont, resulting in an extension of the mycobiont’s distribution 
range (de Vienne et al., 2013). This may be the predominant evo-
lutionary mechanism shaping symbiotic associations, given that 
cospeciation, in which the two partners diverge together, appears 
to be relatively rare (de Vienne et al., 2013; Singh et al., 2016). This 
is supported by Magain et al. (2017a), in that some Peltigera spe-
cies seem to switch among a few closely related Nostoc phylogroups 
from biome to biome but do not cospeciate. On a smaller and less 
variable geospatial scale, different evolutionary mechanisms might 
be at play (i.e., mycobiont selectivity and ranges of cyanobiont part-
ners may not be the limiting factors of distribution as is the case at 
a global spatial scale).

We analyzed patterns of association of Peltigera species and 
their Nostoc partners (identified on the basis of ITS and rbcLX loci, 
respectively) along two transects of nearly 1300 km each (south–
north and east–west) in the boreal biome. We examined potential 
drivers (environmental variables vs. presence of symbiont vs. both 
factors) of each partner’s distribution using linear mixed models. 
Specifically, we sought to answer the following questions: (1) Does 
the distribution of Nostoc phylogroups determine the distribution 
of Peltigera species in the boreal biome? (2) Does an abiotic climatic 
gradient drive patterns of associations or symbiont distributions in 
this biome? (3) Do global patterns of association and specificity 
hold true within this biome?

MATERIALS AND METHODS

Sampling

In August 2011, sampling was conducted along two transects 
(south–north [SN] and east–west [EW]) that crossed the circum-
boreal belt in Québec, Canada. On the SN transect, there were 
nine major equidistant localities (~160 km apart) ranging from 
46.77°N, 73.01°W (SN1) to 57.91°N, 72.98°W (SN9), spanning 
~1300 km from the southern limit of the boreal biome (Canadian 
Shield) to the tree limit (Fig.  1). Specimens of Peltigera were 
found and collected in eight localities (Appendix  1), from the 
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second-most southern locality (SN2: 48.63°N, 73.04°W) to the 
northernmost locality (SN9: 57.83°N, 73.19°W). Within each of 
these eight localities, sampling was systematically conducted at 
three sites (west [W], central [C], and east [E]) arranged linearly 
and separated by 3.2 km from the central site. Within each of the 
three sites we explored three clusters (W1, W2, W3; C1, C2, C3; 
E1, E2, E3) of 20 m in diameter each, placed ~10 m apart. The EW 
transect was located roughly at the latitude of SN4 (51.03°N). The 
central locality along the EW transect (EW0: 51.11°N, 68.52°W) 
was ~320 km to the east of SN4 (Fig.  1). East–west localities 
ranged from 2.4 km (1.5 miles) to 640 km (400 miles) away from 
EW0. The EW transect spanned ~1300 km from the westernmost 
(W400: 50.28°N, 77.50°W) to the easternmost locality (E400: 
51.68°N, 59.15°W). Peltigera specimens were found and collected 
from 11 localities ranging from W100 (50.53°N, 70.74°W) to 
E200 (51.28°N, 63.84°W). Along the EW transect, each locality 
was represented by only one site (C), and similar to the SN tran-
sect, we explored three clusters (C1, C2, C3) of 20 m in diame-
ter each, placed ~10 m apart. Lobes were taken from 93 Peltigera 
thalli from these 19 localities (35 sites and 105 clusters) and air 

dried before processing for molecular work. All these specimens 
were deposited at DUKE (Appendix 1).

Data collection

DNA was extracted from 77 lichen specimens (16 specimens were 
already included in Magain et al. [2017a]) using a standard phenol-
chloroform DNA isolation protocol with 2% SDS buffer (Zolan and 
Pukkila, 1986). The internal transcribed spacer (ITS) of the nu-
clear ribosomal RNA tandem repeats was selected to characterize 
mycobiont populations because it is highly variable at the species 
level in Peltigera (Miadlikowska et al., 2003; O’Brien et al., 2009) 
and has been used as a universal DNA barcode for fungi (Schoch 
et al., 2012). This region was amplified successfully for 74 specimens 
using polymerase chain reaction (PCR) with the primers ITS1F 
(Gardes and Bruns, 1993) and ITS4 (White et al., 1990) following 
Magain et al. (2017a).

For the cyanobacterial photobiont Nostoc, rbcLX—which in-
cludes the last 82 amino acids of the RUBISCO large subunit (rbcL), 
a putative chaperone gene (rbcX), and two intergenic spacers (Li 

FIGURE 1.  (Top right) The two physical maps show precipitation and temperature gradients in the area spanned by the south–north (SN) and east–
west (EW) transects. Sampling localities along both transects are represented by abbreviations SN1–SN9 and W400–E400. (Left and bottom) Vertical 
and horizontal bands show Peltigera spp. distributions and associations with Nostoc cyanobionts across the latitudinal (SN) and longitudinal (EW) 
transects in Québec, Canada. Some localities, such as SN1, W400, and E400, are not shown because no Peltigera thalli were found at those localities. 
Peltigera species are labeled and their ranges are represented by solid lines. Colored bands represent Nostoc phylogroups as shown in the key and in 
Fig. 3. Black dots indicate specimens for which both partners, mycobiont and cyanobiont, were identified on the basis of ITS and rbcLX sequences, re-
spectively. Colored dots represent specimens with missing ITS (red) or rbcLX (green) sequences. Longitude of W200 is approximated by the longitude 
of SN4 as shown by the large gray star, which also depicts where the EW transect crosses the SN transect.
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and Tabita, 1997)—was amplified and sequenced for 75 specimens 
using the primers CX and CW (Rudi et al., 1998) as described in 
O’Brien et  al. (2013). Both ITS and rbcLX were successfully se-
quenced for 72 of the 77 sampled specimens.

The PCR products were purified with ExoSAP (Afymetrix, 
Santa Clara, California, USA) following the manufacturer’s pro-
tocol and sequenced as described in Magain et  al. (2017a) at the 
Duke Genome Sequencing and Analysis Core Facility of the 
Institute for Genome Sciences and Policies. All newly generated 
ITS (74 sequences) and rbcLX (75 sequences) data were deposited 
in GenBank (Appendix 1). Sequences of each locus (ITS and rbcLX) 
from 16 specimens were already deposited in GenBank by Magain 
et al. (2017a).

Alignments

All sequences were subjected to BLASTn searches (Wheeler et al., 
2007) to confirm the fungal or cyanobacterial origin of each se-
quence fragment. They were assembled (visually inspected and 
manually corrected when necessary) using Sequencher version 
5.0.1 (Gene Codes Corporation, Ann Arbor, Michigan, USA) and 
aligned using MacClade version 4.08 (Maddison and Maddison, 
2005). The “Nucleotide with AA color” option was used for guid-
ing the rbcLX alignment. Sequencing reactions of rbcLX produced 
clean reads without evidence of secondary peaks, suggesting that a 
single photobiont genotype dominated in each of the lichen thalli. 
Ambiguously aligned regions were delimited manually following 
Lutzoni et al. (2000) and were excluded from phylogenetic analyses.

Phylogenetic analyses

We assembled a dataset consisting of 319 rbcLX sequences of free-
living and symbiotic Nostoc spp. from GenBank in addition to the 16 
already published and 75 newly generated sequences from the tran-
sects, for a total of 410 rbcLX sequences. Both spacers in rbcLX were 
too variable to be unambiguously aligned across the alignment and 
were removed from subsequent phylogenetic analyses (696 sites). 
The final matrix contained 621 nucleotide sites. Maximum likeli-
hood searches for the optimal trees and bootstrap analyses of the 
cyanobiont sequences were conducted using RAxML version 8.2.10 
(Stamatakis, 2006; Stamatakis et al., 2008) as implemented on the 
CIPRES portal (Miller et al., 2010). These searches were conducted 
with the rapid hill-climbing algorithm for 1000 replicates with the 
general time reversible (GTR) substitution model (Rodríguez et al., 
1990) and gamma distribution parameter approximated with four 
categories in all analyses. A partition of three subsets correspond-
ing to the first, second, and third codon position of the rbcLX was 
defined.

Haplotype network

Following previous studies (Magain et al., 2017a, b; J. Miadlikowska, 
unpublished data, for section Peltidea), mycobiont species were 
identified on the basis of their ITS sequences. Separate ITS align-
ments were prepared for haplotype network analyses on the two 
Peltigera sections, Polydactylon Miadlikowska and Lutzoni (798 
nucleotide sites) and Peltidea (Ach.) Vain. (691 nucleotide sites). 
The delimitation of the sections of the genus follows Miadlikowska 
and Lutzoni (2000). Because haplotype network analyses were re-
stricted to each species or small group of closely related species 

separately, no ambiguity was found in these subalignments and, 
consequently, all nucleotide sites were used to infer haplotype net-
works. Haplotype networks were generated using TCS version 1.21 
(Clement et al., 2000) based on 69 mycobiont ITS sequences from 
section Polydactylon and 21 mycobiont ITS sequences from section 
Peltidea. We used a parsimony criterion with the 0.95 threshold 
value, and gaps were considered as a fifth character state.

Modeling Peltigera–Nostoc distribution

For each Peltigera species that occurred in at least six clusters (P. 
aphthosa, P. neopolydactyla 1, P. occidentalis, P. scabrosa 1, and 
P. scabrosa 2), we modeled the probability of species presence 
across the study region as a function of climate and the presence 
of observed Nostoc symbiont phylogroups using generalized linear 
mixed models. We fit three types of models for each species: (1) an 
environment-only model with linear and quadratic effects of tem-
perature and precipitation from the warmest three months of the 
year, in which quadratic effects were constrained to be negative so 
that species responses are concave-down; (2) symbiont-only mod-
els, which estimate the effect of each potential Nostoc symbiont’s 
presence on the probability of presence; and (3) full models that 
combine each symbiont-only model with the environment-only 
model and also include interactive effects of symbiont presence on 
the response of Peltigera species to environmental variables. All 
models used a Bernoulli likelihood with logit link function and in-
cluded a random intercept for the effect of locality (to model spatial 
autocorrelation). We used weakly informative normal and half-
normal priors for coefficients and a weakly informative half-Cauchy 
prior on the standard deviation of the normally distributed random 
effect of locality. For comparison, we fit the same set of models for 
each Nostoc phylogroup that occurred in at least six clusters (Nostoc 
phylogroups IV, VIIa, and XIa). In this case, the symbiont-only 
models assess the effect of Peltigera species presence on the proba-
bility of a Nostoc phylogroup’s presence.

Climate data were obtained from WorldClim (http://worldclim.
org/version2), which interpolates and averages weather station data 
from 1970 to 2000. We chose total precipitation and mean tem-
perature during the warmest quarter as measures of water availa-
bility and thermal environment because these two variables were 
less correlated than other, similar measures (r = 0.38) and because 
they represent environmental conditions when these lichen thalli 
are metabolically active. We coded models in Stan (Carpenter et al., 
2017) and estimated parameters with the MCMC “No-U-Turn” 
sampler using the R package “RSTAN” (Stan Development Team 
2017) and three sampling chains. Model convergence was checked 
with standard diagnostic tests, and sampling chains were run until 
all parameters obtained ≥1000 effective samples. Models were com-
pared with Akaike weight (WAIC) and area under the ROC curve 
(AUC). Effects of environmental variables were determined visually 
from plots of conditional posterior predictive distributions.

RESULTS

Data collection

We generated 149 new sequences: 74 ITS sequences from Peltigera 
and 75 rbcLX sequences from Nostoc. Both ITS and rbcLX were ob-
tained for a total of 72 lichen specimens, while two specimens yielded 

http://worldclim.org/version2
http://worldclim.org/version2
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only ITS sequences, and three specimens 
yielded only rbcLX sequences (Appendix 1). 
Overall, for the 93 lichen specimens collected 
along both transects, including already pub-
lished sequences, 90 ITS sequences of the  
mycobionts and 91 rbcLX sequences of the 
cyanobionts were included in this study. 
A total of 88 thalli were represented by se-
quences of both partners (Appendix 1).

Along the SN transect, mean temperature 
in the warmest quarter ranged from 15.8°C at 
the second-most southern locality (SN2) to 
11.4°C at the most northern locality (SN9). 
Total precipitation during the warmest quar-
ter ranged from 181 mm at SN9 to 326 mm at 
SN3 (Fig. 1). Although less variable, climatic 
factors were not entirely even longitudinally. 
Temperature ranged from 11.5° to 13.1°C, 
and precipitation ranged from 309 mm to 
354 mm within the EW transect (Fig. 1).

Peltigera haplotype network

In total, nine Peltigera species (sensu Magain 
et  al., 2017b) belonging to sections Peltidea 
and Polydactylon (Miadlikowska and 
Lutzoni, 2000) were detected in the sampled 
material for this project (Fig. 2). These nine 
species represent five traditional morpho-
species names: Peltigera aphthosa (L.) Willd., 
P. malacea (Ach.) Funck, P. neopolydactyla 
(Gyeln.) Gyeln., P. occidentalis (A.E. Dahl) 
Kristinsson, and P. scabrosa Th. Fr. Section 
Polydactylon included 71 specimens from six 
species (Fig. 2), which were identified in ac-
cordance with Magain et al. (2017b) on the 
basis of ITS sequence comparisons. There 
were six specimens of Peltigera neopolydac-
tyla 4, representing two haplotypes separated 
by one mutation. One of the two haplotypes 
was prevalent because it was found in five 
of the six specimens sampled for this spe-
cies (Fig. 2). The nine sequenced specimens 
of P. scabrosa 2 belong to three haplotypes, 
two common (n = 4) and one rare (n = 1; 
Fig. 2). Peltigera scabrosa 1 encompassed 22 
sequenced specimens (Fig.  2), which split 
into two haplotypes: one common haplotype 
found in 18 specimens and a less common 
haplotype found in four specimens. A total 
of five specimens were identified as P. sca-
brosa 4, all belonging to the same haplotype. 
Similarly, P. occidentalis and P. neopolydac-
tyla 1 were represented by one haplotype 
comprising nine and 18 specimens, respec-
tively (Fig. 2).

Section Peltidea accounted for a total 
of 22 specimens representing three species (Fig.  2), which were 
identified in accordance with Miadlikowska and Lutzoni (2000) 
and more recent analyses (J. Miadlikowska, unpublished data) 

based on ITS sequence similarity. Peltigera aphthosa encompassed 
14 specimens (one was identified based solely on morphology), 
representing four haplotypes with one being prevalent (n = 9). 

FIGURE  2.  Schematic cladogram (in black) depicting relationships among nine putative 
Peltigera species from two sections, Peltidea and Polydactylon, sampled for this study (adapted 
from Magain et al., 2017a; J. Miadlikowska, unpublished data). Gray lines and triangles indicate 
placements of the remaining species included in section Polydactylon (Magain et al., 2017a, b), 
not sampled in this study. ITS haplotype networks of sampled Peltigera species are shown at the 
tip of the terminal branches. Each circle represents a unique ITS haplotype, and its size is propor-
tional to the number of included specimens (n); black dots indicate the number of mutations 
between haplotypes. Colors represent, proportionally, the Nostoc phylogroups (as delimited in 
Fig. 3) associated with each Peltigera haplotype.
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Specimens of P. malacea sensu lato corresponding to P. malacea 
2 (J. Miadlikowska, unpublished data) are represented by four 
sequences from two haplotypes, while all four specimens of P. 
malacea 5 (J. Miadlikowska, unpublished data) had identical ITS 
sequences (Fig. 2).

Nostoc identity

Based on the global rbcLX phylogeny of Nostoc (Appendix S1, see 
Supplemental Data with this article), a total of five phylogroups from 
Nostoc clade 2 (sensu Otálora et al., 2010) were identified in accord-
ance with O’Brien et al. (2013) and Magain et al. (2017a) (Fig. 3). 
These phylogroups were well supported (bootstrap values >70%), 
except for phylogroup IV. Nostoc phylogroups III and IV, both from 
Nostoc clade 2, subclade 2, were found in four and 22 specimens, 
respectively (Figs. 2 and 3). Within subclade 3, which contains most 
lichenized cyanobacteria (Otálora et al., 2010; Magain et al., 2017a), 
Nostoc phylogroup VIIa was the most commonly sampled (from 
54 specimens), whereas closely related phylogroup VIId was found 
only in two specimens and the more distant Nostoc phylogroup XIa 
was found in eight thalli (Figs. 2 and 3).

Peltigera–Nostoc associations

The nine Peltigera species and five Nostoc phylogroups formed 11 
symbiotic pairs. Nostoc phylogroups were found to be symbionts 
of one to four Peltigera species, whereas Peltigera species were 
found in association with one or two phylogroups (Figs. 1 and 2). 
At the section level, the six species from section Polydactylon are 
associated with nearly all Nostoc phylogroups, except phylogroup 
III (Figs. 2 and 3). All sequenced specimens of P. scabrosa 1 (n = 
22), P. scabrosa 4 (n = 5), P. neopolydactyla 1 (n = 18), and P. oc-
cidentalis (n = 9) were found in association only with phylogroup 
VIIa. Peltigera scabrosa 1 spanned almost the entirety of both tran-
sects as one of the most widespread species in this sampling (i.e., 
across SN2–SN8 in latitude and W100–E100 in longitude) (Fig. 1). 
Individuals of P. scabrosa 4 were found only in the northern portion 
of the SN transect (SN6–SN9), and this species was not collected on 
the longitudinal transect that is located approximately at the lati-
tude of SN4 (Fig. 1). Peltigera neopolydactyla 1 ranged from SN3 to 
SN6 and from W100 to E100 (Fig. 1), whereas P. occidentalis ranged 
from SN5 to SN9 and from W100 to E200. Both were thus fairly 
widespread, especially on the EW transect.

Specimens of P. scabrosa 2, which were confined to the northern 
portion of the SN transect (SN8 and SN9), occurred in association 
with two cyanobionts, Nostoc phylogroups XIa and VIId (Figs.  1 
and 2). An individual collected at E200, morphologically identified 
as P. scabrosa 2, was found in association with a cyanobiont from 
phylogroup XIa. Given that the latitude of the EW transect can be 
roughly approximated by the latitude of SN4, E200 was the most 
southern point at which P. scabrosa 2 was found. Unfortunately, the 
identification of this specimen at E200 could not be confirmed with 
DNA sequencing because the ITS sequencing failed.

Peltigera neopolydactyla 4 was restricted to the southern parts 
of the SN transect, with samples collected at the most southern lo-
cality, SN2. However, P. neopolydactyla 4 was found multiple times 
on the EW transect and ranged from E200 to W100, and was also 
present in the SN transect, corresponding approximately to W200 
in longitude. These specimens associated with phylogroup IV, with 
one exception of an individual collected at W100 that was found in 
association with phylogroup XIa (Figs. 1–3).

Species from section Peltidea associated with two Nostoc phy-
logroups (III and IV; Figs. 2 and 3) from clade 2, subclade 2 (section 
Peltidea was not found in association with cyanobionts from sub-
clade 3). All sequenced P. aphthosa samples were associated with 
Nostoc phylogroup IV. Distribution of these specimens ranged from 
SN4 to SN9 on the latitudinal transect and from W100 to E200 on 
the longitudinal transect. Peltigera malacea 2, also associated with 
Nostoc phylogroup IV, spanned SN6–SN8 in latitude and was found 
at W3 (corresponding to the latitude of SN4; Fig. 1). Peltigera mal-
acea 5 was found in association with Nostoc phylogroup III at the 
northernmost localities, SN8 and SN9 (Fig. 1).

The Nostoc phylogroups also had variable distributions, although 
not as scattered as the Peltigera species (Fig. 1). Nostoc phylogroups 
VIIa and IV have widespread distributions across both transects 
and associate with multiple Peltigera species (four and three, re-
spectively; Fig.  1). Nostoc phylogroups VIId and III have limited 
northern distributions (SN8 and SN9) and associate only with P. 
scabrosa 2 and P. malacea 5, respectively (Fig. 1). The presence of 
these two phylogroups in the northernmost localities results in a 
higher Nostoc diversity in the northern portion of the SN transect. 
Phylogroup XIa, by contrast, has a relatively scattered distribution. 
It was found in the northernmost localities of the SN transect with 
P. scabrosa 2 and at both edges of the EW transect in association 
with P. scabrosa 2 and P. neopolydactyla 4.

Predicted occurrence of Peltigera and Nostoc partners

In all cases, full models including both environmental covari-
ates and the effect of symbiont presence performed better than 
environment-only or symbiont-only models (Table 1), except in the 
case of P. scabrosa 2, for which inclusion of the presence of Nostoc 
VIId did not improve the predictive ability of the model. Therefore, 
hereafter we interpret species responses to climate gradients from 
predictions of the full models. In the full models, three Peltigera 
species responded to environmental gradients. Models predict that, 
when the Nostoc symbiont is present at a locality, P. neopolydac-
tyla 1 is more likely to occur at wetter sites, P. occidentalis is less 
likely to occur at the wettest sites, and P. scabrosa 1 is more likely 
to occur in the middle of the precipitation gradient (Fig. 4A). Each 
of these three species was found exclusively in association with the 
same Nostoc phylogroup VIIa. Peltigera scabrosa 2 is unlikely to oc-
cur at warm-temperature sites, whereas the other taxa show only 
weak responses to temperature but are generally more likely to oc-
cur in the middle of the temperature gradient (Fig. 4B). In general, 
precipitation and temperature did not have consistent effects on 

FIGURE 3.  Global phylogenetic tree of Nostoc based on a maximum likelihood analysis of 410 rbcLX sequences representing free-living and symbiotic 
Nostoc, including 91 cyanobionts from lichen thalli collected along both transects (south–north and east–west) in Québec, Canada. Thick branches 
received bootstrap values >70%. Clades and subclades were delimited following Otálora et al. (2010). A detailed view of this phylogenetic tree, includ-
ing support values, taxon names, and GenBank accession numbers for all terminals, is provided in Appendix S1. Phylogroups sampled in this study 
are highlighted by colored boxes. Phylogroups were numbered following Magain et al. (2017a). Two terminal branches were truncated, as indicated 
by a folding symbol.
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the distribution of Nostoc taxa among models including different 
Peltigera symbionts, although models of Nostoc phylogroup IV pre-
dicted a lower probability of occurrence at high-temperature sites 
(Appendices S2 and S3).

DISCUSSION

Our findings were largely aligned with the traditional paradigm 
that mycobiont species show a higher degree of specialization than 
their photobiont partners (e.g., Beck et al., 2002; Yahr et al., 2004; 
O’Brien et al., 2005, 2013; Myllys et al., 2006; Magain et al., 2017a). 
Furthermore, we found consistent associations between previously 
studied Peltigera species and Nostoc phylogroups with no novel 
mycobiont–cyanobiont pairings (O’Brien et al., 2013; Magain et al., 
2017a, b). The two most common Nostoc cyanobionts (phylogroups 
IV and VIIa) were associated with seven of the nine Peltigera spe-
cies sampled for this study (Fig. 2). None of the Peltigera species 
were present along the entire length of either the longitudinal or 

latitudinal transect. Some species were widespread (e.g., P. scabrosa 
1) while others were limited to certain areas, mostly restricted to 
the southern (P. neopolydactyla 4) or northern (P. scabrosa 2 and 
P. malacea 5) ends of the latitudinal transect. By contrast, the two 
most common cyanobionts, Nostoc phylogroups VIIa and IV, were 
found throughout both transects where Peltigera thalli were sam-
pled (Fig. 1).

Asymmetric specificity associated with ecological success of 
Peltigera lichens

At this intrabiome spatial scale, the common Nostoc phylogroups 
and their interactions with Peltigera species displayed a pattern of 
asymmetrical specialization—highly specialized mycobionts asso-
ciating with generalist photobionts (Figs. 1 and 2). This has been 
found to indicate the heavy influence that the generalist photobiont 
partner wields over the specialist mycobiont, in an evolutionary and 
ecological sense (Chagnon et al., 2018). This unequal influence mir-
rors the asymmetrical dependence of these associations; Peltigera 

TABLE 1.  Comparison of models predicting the presence of Peltigera species and Nostoc phylogroups. “Focal species” is the species whose occurrence was modeled. 
“Symbiont” indicates which potential symbiont was included as a covariate in the full and symbiont-only models. AUC is the area under the ROC curve. Within each focal 
species, models are ranked by increasing Akaike weight (WAIC; best to worst).

Focal species Symbiont Model AUC WAIC Model rank

P. aphthosa Nostoc IV Full 0.99 17.2 1
Environment-only 0.80 55.1 2

Nostoc IV Symbiont-only 0.91 66.2 3
P. neopolydactyla 1 Nostoc VIIa Full 0.95 34.2 1

Environment-only 0.92 41.8 2
Nostoc VIIa Symbiont-only 0.28 70.8 3

P. occidentalis Nostoc VIIa Full 0.96 23.6 1
Environment-only 0.89 39.0 2

Nostoc VIIa Symbiont-only 0.69 51.4 3
P. scabrosa 1 Nostoc VIIa Full 0.90 50.1 1

Environment-only 0.87 58.0 2
Nostoc VIIa Symbiont-only 0.74 79.3 3

P. scabrosa 2 Nostoc Xia Full 1.00 5.8 1
Nostoc VIId Full 0.95 23.0 2

Environment-only 0.95 23.5 3
Nostoc Xia Symbiont-only 0.88 51.3 4
Nostoc VIId Symbiont-only 0.39 51.4 5

Nostoc IV P. aphthosa Full 0.98 24.7 1
P. malacea 2 Full 0.90 52.0 2
P. neopolydactyla 4 Full 0.85 57.0 3

Environment-only 0.85 65.4 4
P. aphthosa Symbiont-only 0.80 81.7 5
P. malacea 2 Symbiont-only 0.59 81.7 5
P. neopolydactyla 4 Symbiont-only 0.37 81.8 7

Nostoc VIIa P. occidentalis Full 0.98 24.1 1
P. neopolydactyla 1 Full 0.96 32.1 2
P. scabrosa 4 Full 0.96 33.8 3
P. scabrosa 1 Full 0.96 33.9 4

Environment-only 0.94 41.2 5
P. neopolydactyla 1 Symbiont-only 0.69 78.0 6
P. occidentalis Symbiont-only 0.39 78.0 6
P. scabrosa 1 Symbiont-only 0.75 78.0 6
P. scabrosa 4 Symbiont-only 0.45 78.0 6

Nostoc XIa P. scabrosa 2 Full 0.99 10.6 1
P. neopolydactyla 4 Full 0.93 26.3 2

Environment-only 0.90 31.2 3
P. neopolydactyla 4 Symbiont-only 0.41 47.7 4
P. scabrosa 2 Symbiont-only 0.92 47.7 4
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(never found free living) is much more dependent on Nostoc (found 
free living; O’Brien et al., 2005; Zúñiga et al., 2017) than vice versa. 
In the case of Nostoc phylogroup VIIa, there are four Peltigera spe-
cies that are highly dependent and exclusively interacting with this 
phylogroup (Figs. 1 and 2). As shown in Magain et al. (2017a, b) 
based on the complete phylogeny of section Polydactylon, these 
four species belong to two different major lineages in the section: 
the dolichorhizoid (P. neopolydactyla 1 and P. occidentalis) and 
scabrosoid (P. scabrosa 1 and 4) clades (Fig. 2). It is thus possible 
that the fungal partner speciated while the Nostoc phylogroup did 
not, resulting in an increasingly more generalist Nostoc symbiont, 
as suggested by Singh et al. (2016) for lichenized fungi associated 
with the green alga Trebouxia. For these four Peltigera species, 
there seems to be no selective pressure for the Nostoc phylogroup 
to diverge, as the fungal partner continues to be dependent on this 
Nostoc phylogroup. Overall, our results suggest that Peltigera spe-
cies have a narrower ecological range than Nostoc phylogroups at 
this intrabiome scale. The observed high specialization and narrow 
spatial range of Peltigera within the boreal biome, and the larger ge-
ographic range of cyanobiont phylogroups IV and VIIa compared 
to most Peltigera species, suggests that the spatial distribution of 
Peltigera species is very likely shaped by other factors (environmen-
tal variables) in addition to the presence–absence of their cyanobi-
onts at this intrabiome scale.

Spatial scales matter

The finding of Magain et al. (2017a) at a global spatial scale—that a 
generalist pattern of association with multiple Nostoc phylogroups 

and local specialization through photobiont switches is associated 
with larger geographic ranges of the fungal partners—does not ap-
pear to hold true at the intrabiome scale. Many of the Peltigera spe-
cies that were found widely distributed along the transects are strict 
specialists in the area surveyed, such as P. scabrosa 1 and P. aph-
thosa. However, this is occurring in an area where their respective 
cyanobiont phylogroup seems omnipresent, therefore not requiring 
host switches. Moreover, it should be noted that specialists in this 
context are not necessarily global specialists. Cyanobiont switches 
have been reported for species such as P. neopolydactyla 1 and P. 
occidentalis across bioclimatic zones (Magain et al., 2017a). For ex-
ample, these two species, always found in association with Nostoc 
phylogroup VIIa along the SN and EW transects, and overall across 
the boreal biome, were associated with phylogroup VIIb in the 
Appalachian Mountains (Magain et  al., 2017a). Therefore, within 
the boreal biome, cyanobiont switches do not seem to play a large 
role in shaping patterns of associations, except at the border with 
another biome (e.g., the Arctic; Fig. 1). A potential case of Nostoc 
switch may be P. scabrosa 2, which is found at lower latitudes with 
Nostoc phylogroup XIa (E200) and with both Nostoc phylogroups 
XIa and VIId at the most northern locality (SN9). It is possible 
that beyond SN9, in the Arctic biome, P. scabrosa 2 might asso-
ciate more frequently with phylogroup VIId, for example (Figs. 1 
and 3). Peltigera scabrosa 2 was also reported with phylogroup VIId 
in other northern areas such as Nunavik and Greenland (Magain 
et al., 2017a). Even if P. scabrosa 2 can associate with two Nostoc 
phylogroups, it does not seem to correlate with a more widespread 
distribution within the boreal biome (Fig. 1). Similarly, P. neopoly-
dactyla 4 was found in association with two Nostoc phylogroups but 

FIGURE 4.  Predicted effect of (A) precipitation and (B) temperature on the probability of Peltigera species presence. Lines indicate the median of the 
posterior predictive distribution from the full (blue) and environment-only (yellow) models. In A, model predictions are conditional on precipitation 
held constant at its mean value across sites (290 mm), whereas in B, model predictions are conditional on temperature held constant at its mean value 
across sites (12.7°C). The full model prediction is conditional on the Nostoc symbiont being present at the locality. The label at the top of each panel 
indicates which Nostoc phylogroup was included as a predictor in the full model. Model predictions are shown with 90% highest posterior density 
(HPD) intervals.
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also showed a limited distribution. These findings are in agreement 
with a recent study on Peltigera and Nostoc that found evidence 
against the hypothesis that generalism allows for niche expansion 
(Chagnon et al., 2018), showing instead that associating with mul-
tiple partners resulted in a “jack-of-all-trades but master of none” 
scenario, in which a mycobiont’s ability to associate with one part-
ner may impair its fitness when associating with another (Wilson 
and Yoshimura, 1994; Chagnon et al., 2018). This is supported in 
the present study, in that Peltigera species that are not strict spe-
cialists still show increased preference for one Nostoc phylogroup 
over others (Fig. 2). A similar pattern was found in a recent study 
of Peltigera and cyanobiont associations in Chile and maritime 
Antarctica, where mycobionts displayed preference for a specific 
Nostoc through unequal frequencies of association within a climatic 
zone (Zúñiga et al., 2017).

In finding evidence against the niche-breadth hypothesis, 
Chagnon et al. (2018) postulated that the range of potential partners 
does not act as the limiting factor for niche and range expansion for 
Peltigera and Nostoc. This appears to be true in our study at the in-
trabiome scale, for both strict specialists and mycobionts associat-
ing with more than one phylogroup. Although, as discussed earlier, 
some specific Peltigera–Nostoc associations are wide ranging in the 
boreal zone, many are confined to parts of the transect. It is the case 
throughout much of this sampled region that Nostoc distribution 
is wider than Peltigera distribution (Fig. 1). Thus, many Peltigera 
species are restricted in their distribution, even if their photobiont 
partner is available in surrounding areas. This biome-level finding 
differs markedly from the global observation that Nostoc distribu-
tions drive Peltigera distribution patterns (Magain et  al., 2017a). 
However, these conclusions are scale dependent. On the global 
(i.e., interbiome) spatial scale, cyanobiont availability appears to be 
the limiting factor for niche expansion. Cyanobiont switches allow 
Peltigera to bypass the limitation of a specific Nostoc distribution 
in order to extend their global range (Magain et al., 2017a). It has 
also been found within fungal–algal lichen associations that low 
photobiont availability in harsh environmental regions drives asso-
ciations toward a generalist pattern, again indicating that photobi-
ont availability is the limiting factor (Wirtz et al., 2003; Singh et al., 
2016). Both of these outcomes show the dynamic interaction be-
tween environmental, evolutionary, and genetically based factors, 
as well as the importance of spatial scale.

At an intrabiome scale, geographic ranges of Peltigera  
species are shaped more by abiotic factors than by  
cyanobiont availability

It appears that within the boreal biome, environmental factors have 
more influence on the spatial range of the fungal partner Peltigera 
than on the Nostoc phylogroups. Specifically, latitudinal gradients, 
especially precipitation (Fig. 4A), seem to have greater impacts on 
the mycobiont than on the cyanobiont. For example, P. neopolydac-
tyla 4 is found only in the southern area of the biome (SN2) and 
across the EW transect (approximately the latitude of SN4) (Fig. 1). 
However, Nostoc phylogroup IV was found throughout our two 
transects. It is thus likely that environmental limitations drive the 
distribution of P. neopolydactyla 4. This may indicate that the cli-
matic preferences of Peltigera are more restricted within a biome, 
and that lichen photobionts are more resilient to abiotic factors, 
than previously indicated. We did not model the presence of P. neo-
polydactyla 4 (and P. malacea spp.) because of their limited records. 

However, the distributions of three more abundant species—P. ne-
opolydactyla 1, P. occidentalis, and P. scabrosa 1—were highly asso-
ciated with the climate gradient, especially precipitation (Fig. 4A). 
These three species were found exclusively associated with Nostoc 
phylogroup VIIa, which is present throughout both transects, yet P. 
occidentalis is more likely to occur in dry sites, P. neopolydactyla 1 
is more likely to occur in wet sites, and P. scabrosa 1 is more likely to 
be found in areas with intermediate levels of precipitation (Fig. 4A). 
These relatively narrow environmental spectra for lichen-forming 
fungi associating with the same photobiont could explain their 
higher species richness compared to their photobionts and could 
be an important driver of speciation for the genus Peltigera. By con-
trast, only Nostoc phylogroup IV showed a slight association with 
temperature (Appendix S3). Furthermore, models that attempt to 
predict the distribution of Peltigera species solely from the presence 
of an appropriate Nostoc symbiont generally perform poorly within 
a biome. Comparing the predictions of the full models to those of 
the models containing only environmental covariates shows that en-
vironmental constraints of Peltigera species distributions are weaker 
if the Nostoc symbiont is present. In general, models predict a wider 
range of suitable environmental conditions when the symbiont is 
present than when symbiont presence is not included as a predictor 
(Fig. 4). For example, the environment-only model of P. scabrosa 2 
suggests that this species is unlikely to occur at sites experiencing 
mean summer temperatures above 12°C. However, when Nostoc 
XIa is present, that threshold shifts up to 13°C (Fig. 4B).

In the present study, a notable case that may indicate more finely 
tuned environmental preferences is that of putative P. malacea 2 
and P. malacea 5. Peltigera malacea 2 was found in association with 
Nostoc phylogroup IV at W3 and from SN6 to SN8, whereas closely 
related P. malacea 5 occurred in the most northern localities, SN8 
and SN9, in association with a different Nostoc (phylogroup III) de-
spite the presence of phylogroup IV. In this case, it is possible that 
a speciation event of the mycobiont was associated with a Nostoc 
phylogroup switch. However, to better understand and explain the 
observed patterns within the malacea complex, we need to extend 
the sampling farther north.

Factors shaping levels of specificity

The conditions for the rare reciprocal one-to-one specificity in 
species of the genus Peltigera are not well known but have been 
described for certain species of Collema, Leptogium, and Degelia li-
chens (Otálora et al., 2010, 2013). In those cases, asexual reproduc-
tion through codispersal of the mycobiont and the photobiont (i.e., 
vertical transmission of the photobiont) as well as narrow ecological 
niches were identified as essential driving factors toward high re-
ciprocal specificity. Given that P. malacea sensu lato does not have 
specialized codispersal structures, O’Brien et  al. (2013) proposed 
that either thallus fragmentation resulting in clonal reproduction or 
genetically determined specificity drives reciprocal specificity. Our 
results are consistent with those of Otálora et  al. (2010) showing 
that a narrow ecological niche may be a driving factor for high spec-
ificity, in that P. malacea 5 and its reciprocal partner were found 
only at the northern reaches in our study.

In assessing genetically based specificity with the resulting 
Peltigera haplotype network (Fig. 2) and Nostoc phylogenetic tree 
(Fig. 3 and Appendix S1), our findings are similar to those of Magain 
et al. (2017a) and O’Brien et al. (2013). Although phylogenetic re-
lationships help predict associations in some cases, this is not a 
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consistent rule. For example, Nostoc phylogroup VIIa associates 
with relatively closely related species, all from section Polydactylon 
(Figs. 1 and 2). However, Nostoc phylogroup IV is found with two 
Peltidea species, P. malacea 2 and P aphthosa, but also with P. ne-
opolydactyla 4, which is a member of section Polydactylon (Figs. 1 
and 2; Miadlikowska et al., 2014). These relationships may then be 
mediated by spatial distribution, given that phylogenetically unre-
lated species that are side-by-side in the transect, such as P. neopoly-
dactyla 4 and P. aphthosa, can share the same Nostoc phylogroup 
(Fig. 2).

Overall implications

Factors driving patterns of symbiotic associations are scale de-
pendent. Whereas previous studies examined Peltigera and other 
lichen associations at a macroscale (Singh et al., 2016; Magain et al., 
2017a) or mostly at a microscale (O’Brien et al., 2013), the present 
study aimed to assess intermediate, intrabiome patterns. We found 
Peltigera species to be specific, associating with mostly one and 
sometimes two cyanobiont phylogroups. Although Magain et  al. 
(2017a) showed that at the interbiome scale, environmental factors 
drive Nostoc phylogroup distributions, which then delimit global 
Peltigera species ranges, Nostoc availability was not the only driver 
of Peltigera species geographic ranges and association at the intrabi-
ome scale. At this smaller spatial scale, we found that environmental 
factors seem to be important co-drivers of Peltigera species distri-
butions and that the most commonly found Nostoc phylogroups 
have broader ranges than their associating Peltigera species. Many 
Peltigera species distributions were restricted to subsections of our 
transects even when the preferred Nostoc phylogroup was more 
widespread, indicating that regional-scale abiotic factors limit the 
fungal partner’s distribution. Contrary to the mycobiont, in general 
Nostoc ranges were not associated with climatic variables at this in-
trabiome scale. Within the boreal biome, an increase in the number 
of Nostoc partners was not found to expand the distribution range 
of the mycobiont.
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APPENDIX 1. Taxon sampling of Peltigera on the south–north (SN) and east–west (EW) transects (Fig. 1) in Québec, Canada.

Specimen ID Taxon
Locality, site, 
and cluster Coordinates ITS rbcLX

Peltigera 
haplotype

Nostoc 
phylogroup

P5057 Peltigera aphthosa SN5_C2 52.41264°N, 73.07248°W MG811733 MG818406 1 IV
P5053 P. aphthosa SN8_E1 56.53598°N, 73.22478°W MG811732 MG818411 1 IV
P5002 P. aphthosa SN8_E2 56.53636°N, 73.22427°W MG811728 MG818409 1 IV
P5007 P. aphthosa SN8_E3 56.53677°N, 73.22429°W MG811731 MG818412 3 IV
P5046 P. aphthosa SN9_C1 57.91270°N, 72.97673°W MG811737 MG818434 4 IV
P5054 P. aphthosa SN9_W1 57.96773°N, 73.04319°W MG811738 MG818436 4 IV
P5005 P. aphthosa W12.5_C2 50.95784°N, 68.71450°W MG811730 MG818408 2 IV
P5003 P. aphthosa W12.5_C3 50.95783°N, 68.71523°W MG811729 MG818407 1 IV
P5084 P. aphthosa E100_C1 51.13508°N, 66.04708°W MG811734 MG818433 1 IV
P5086 P. aphthosa E200_C2 51.28011°N, 63.83678°W MG811735 Missing 1 n/a
P5080 P. aphthosa W100_C1 50.79232°N, 70.74293°W MG811736 MG818439 1 IV
P0741 P. aphthosa W1.5_C1 51.08493°N, 68.53860°W MG811726 MG818432 1 IV
P0727 P. aphthosa W6_C1 51.03429°N, 68.60778°W MG811727 MG818438 1 IV
P5056 P. aphthosa SN4_E2 51.06926°N, 73.03429°W Missing MG818410 n/a IV
P0735 P. malacea 2 SN6_E2 53.86195°N, 72.99868°W MG811718 MG818374 1 IV
P5044 P. malacea 2 SN6_E3 53.86195°N, 72.99868°W MG811720 MG818375 2 IV
P5063 P. malacea 2 W3_C3 51.06652°N, 68.55525°W MG811721 MG818376 2 IV
P5004 P. malacea 2 SN8_C1 56.52742°N, 73.27129°W MG811719 MG818377 1 IV
P5006 P. malacea 5 SN8_W2 56.53179°N, 73.34526°W MG811723 MG818379 3 III
P0737 P. malacea 5 SN8_W3 56.53210°N, 73.34454°W MG811725 MG818378 3 III
P5047 P. malacea 5 SN9_C1 57.91270°N, 72.97673°W MG811724 MG818381 3 III
P5000 P. malacea 5 SN9_W1 57.96773°N, 73.04319°W MG811722 MG818380 3 III
P5025 P. neopolydactyla 1 SN3_W2 49.34304°N, 73.40994°W MG811754 MG818425 1 VIIa
P5016 P. neopolydactyla 1 SN3_E1 49.39553°N, 73.46278°W MG811751 MG818382 1 VIIa
P5015 P. neopolydactyla 1 SN3_C1 49.36126°N, 73.44313°W MG811750 MG818431 1 VIIa
P0303 P. neopolydactyla 1 SN3_C1 49.36126°N, 73.44313°W MG811740 MG818385 1 VIIa
P5024 P. neopolydactyla 1 SN3_E1 49.39553°N, 73.46278°W MG811752 MG818383 1 VIIa
P5042 P. neopolydactyla 1 SN5_W1 52.39765°N, 73.09985°W MG811755 MG818426 1 VIIa
P0317 P. neopolydactyla 1 SN6_E3 53.86195°N, 72.99868°W MG811744 MG818386 1 VIIa
P0324 P. neopolydactyla 1 W1.5_C1 51.08493°N, 68.53860°W MG811748 MG818384 1 VIIa
P0319 P. neopolydactyla 1 W100_C2 50.79128°N, 70.74345°W MG811745 MG818391 1 VIIa
P0323 P. neopolydactyla 1 W25_C1 50.92852°N, 68.97288°W MG811747 MG818387 1 VIIa
P0313 P. neopolydactyla 1 W25_C2 50.92820°N, 68.97259°W MG811743 MG818389 1 VIIa
P5061 P. neopolydactyla 1 E100_C3 51.13462°N, 66.04774°W MG811749 MG818430 1 VIIa
P5083 P. neopolydactyla 1 E100_C1 51.13508°N, 66.04708°W MG811753 MG818429 1 VIIa
P0300 P. neopolydactyla 1 W3_C1 51.06635°N, 68.55641°W MG811739 MG818388 1 VIIa
P0309 P. neopolydactyla 1 W50_C1 50.89513°N, 69.50816°W KX897220 KX922922 1 VIIa
P0307 P. neopolydactyla 1 W50_C2 50.89483°N, 69.50854°W MG811742 MG818428 1 VIIa
P0322 P. neopolydactyla 1 W6_C2 51.03423°N, 68.60746°W MG811746 MG818427 1 VIIa
P0304 P. neopolydactyla 1 W100_C1 50.79232°N, 70.74293°W MG811741 MG818390 1 VIIa
P0320 P. neopolydactyla 4 E100_C2 51.13479°N, 66.04754°W MG811757 MG818404 1 IV
P5082 P. neopolydactyla 4 W100_C1 50.79232°N, 70.74293°W MG811759 MG818416 2 XIa
P0321 P. neopolydactyla 4 E200_C1 51.28066°N, 63.83717°W KX897253 KX922949 1 IV
P5026 P. neopolydactyla 4 E200_C3 51.27972°N, 63.83693°W MG811756 MG818405 1 IV
P5014 P. neopolydactyla 4 SN2_E1 47.91781°N, W72.96183 MG811758 MG818403 1 IV
P0302 P. neopolydactyla 4 SN2_W1 47.89268°N, 72.89707°W KX897252 KX922948 1 IV
P5062 P. occidentalis E200_C1 51.28066°N, 63.83717°W MG811762 MG818435 1 VIIa
P0299 P. occidentalis SN5_C1 52.41323°N, 73.07322°W KX897269 KX922965 1 VIIa
P0305 P. occidentalis SN5_C3 52.41315°N, 73.07139°W MG811763 MG818422 1 VIIa
P0314 P. occidentalis SN8_C3 56.52835°N, 73.27141°W KX897270 KX922966 1 VIIa
P5048 P. occidentalis SN9_C1 57.91270°N, 72.97673°W MG811760 MG818447 1 VIIa
P0316 P. occidentalis SN9_E1 57.88662°N, 73.02011°W MG811764 MG818448 1 VIIa
P0108 P. occidentalis W1.5_C3 51.08519°N, 68.53794°W KX897268 KX922964 1 VIIa
P5081 P. occidentalis W100_C1 50.79232°N, 70.74293°W MG811765 MG818420 1 VIIa
P0103 P. occidentalis SN5_W3 52.39718°N, 73.10094°W MG811761 MG818421 1 VIIa
P5033 P. scabrosa 1 EW0_C1 51.10506°N, 68.52175°W MG811779 MG818445 1 VIIa
P5027 P. scabrosa 1 SN3_W1 49.34324°N, 73.41033°W MG811783 MG818398 1 VIIa
P5022 P. scabrosa 1 SN3_W3 49.34311°N, 73.41059°W MG811780 MG818397 1 VIIa
P5020 P. scabrosa 1 SN5_C2 52.41264°N, 73.07248°W MG811782 MG818395 1 VIIa
P5021 P. scabrosa 1 SN5_E3 52.42619°N, 73.03578°W MG811781 MG818401 1 VIIa
P5017 P. scabrosa 1 SN6_W1 53.79902°N, 73.07108°W MG811777 MG818402 1 VIIa

(continued)
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Specimen ID Taxon
Locality, site, 
and cluster Coordinates ITS rbcLX

Peltigera 
haplotype

Nostoc 
phylogroup

P5009 P. scabrosa 1 SN7_C1 55.16037°N, 73.33066°W MG811776 MG818400 1 VIIa
P5010 P. scabrosa 1 SN7_W1 55.16028°N, 73.28°W MG811775 MG818394 1 VIIa
P5019 P. scabrosa 1 SN8_C3 56.52835°N, 73.27141°W MG811778 MG818396 1 VIIa
P5085 P. scabrosa 1 E100_C2 51.13479°N, 66.04754°W MG811772 missing 2 n/a
P5032 P. scabrosa 1 E50_C1 51.08765°N, 67.22046°W MG811773 MG818444 2 VIIa
P5034 P. scabrosa 1 EW0_C2 51.10470°N, 68.52167°W MG811774 MG818443 2 VIIa
P0097 P. scabrosa 1 SN2_E1 47.91781°N, 72.96183°W KX897307 KX923000 1 VIIa
P0095 P. scabrosa 1 SN2_E2 47.91811°N, 72.96188°W MG811767 MG818440 1 VIIa
P0310 P. scabrosa 1 SN5_C3 52.41315°N, 73.07139°W MG811768 MG818393 1 VIIa
P0311 P. scabrosa 1 SN6_W3 53.79826°N, 73.07170°W KX897305 KX922998 1 VIIa
P0306 P. scabrosa 1 SN6_W3 53.79826°N, 73.07170°W KX897304 KX922997 1 VIIa
P0308 P. scabrosa 1 SN7_C1 55.16037°N, 73.33066°W MG811769 MG818392 1 VIIa
P0094 P. scabrosa 1 W1.5_C1 51.08493°N, 68.53860°W MG811766 MG818442 1 VIIa
P0093 P. scabrosa 1 W25_C1 50.92852°N, 68.97288°W KX897306 KX922999 1 VIIa
P0297 P. scabrosa 1 W1.5_C2 51.08504°N, 68.53794°W MG811771 MG818424 2 VIIa
P0301 P. scabrosa 1 W100_C1 50.79232°N, 70.74293°W MG811770 MG818399 1 VIIa
P0091 P. scabrosa 1 E100_C1 51.13508°N, 66.04708°W Missing MG818441 n/a VIIa
P0107 P. scabrosa 2 SN8_E2 56.53636°N, 73.22427°W KX897310 KX923003 3 XIa
P5060 P. cf. scabrosa 2 E200_C1 51.28066°N, 63.83717°W Missing MG818417 n/a XIa
P5018 P. scabrosa 2 SN8_E2 56.53636°N, 73.22427°W MG811784 MG818414 1 XIa
P0296 P. scabrosa 2 SN8_E3 56.53677°N, 73.22429°W KX897315 KX923008 1 XIa
P0113 P. scabrosa 2 SN8_W1 56.53144°N, 73.34532°W KX897311 KX923004 1 XIa
P5045 P. scabrosa 2 SN9_C1 57.91270°N, 72.97673°W MG811788 MG818437 3 VIId
P5023 P. scabrosa 2 SN9_C2 57.91304°N, 72.07611°W MG811786 MG818413 3 VIId
P5012 P. scabrosa 2 SN9_C3 57.91331°N, 72.97562°W MG811785 MG818415 3 XIa
P5013 P. scabrosa 2 SN9_E2 57.88679°N, 73.01962°W MG811787 MG818418 1 XIa
P5031 P. scabrosa 2 SN9_W3 57.96691°N, 73.04353°W MG811789 MG818419 2 XIa
P0312 P. scabrosa 4 SN6_E1 53.86235°N, 72.99900°W KX897323 KX923016 1 VIIa
P0318 P. scabrosa 4 SN6_W2 53.79826°N, 73.07170°W KX897325 KX923018 1 VIIa
P5011 P. scabrosa 4 SN8_C1 56.52742°N, 73.27129°W MG811790 MG818423 1 VIIa
P0315 P. scabrosa 4 SN9_C1 57.91270°N, 72.97673°W KX897324 KX923017 1 VIIa
P5029 P. scabrosa 4 SN9_C1 57.91270°N, 72.97673°W MG811791 MG818446 1 VIIa

Notes: Most voucher specimens were collected by J. Miadlikowska and F. Lutzoni and are deposited at Duke University herbarium (DUKE). GenBank accession numbers beginning with MG 
represent newly acquired ITS and rbcLX sequences. Haplotype numbers refer to specific haplotypes in haplotype networks within a Peltigera species, or closely related species, based on 
ITS (Fig. 2). Phylogroup roman numerals refer to Nostoc monophyletic groups based on rbcLX sequences (Fig. 3), which can serve as a proxy for species, and are consistent with Magain et 
al. (2017a). Peltigera species are numbered following species delimitations by Magain et al. (2017b) and J. Miadlikowska (unpublished data). n/a = not applicable.
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