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Abstract

Although free-living protists play essential roles in aquatic and soil ecology, little is

known about their diversity and phylogeography, especially in terrestrial ecosystems.

We used mitochondrial cytochrome c oxidase subunit 1 (COI) gene sequences to inves-

tigate the genetic diversity and phylogeography of the testate amoeba morphospecies

Hyalosphenia papilio in 42 Sphagnum (moss)-dominated peatlands in North America,

Europe and Asia. Based on ≥1% sequence divergence threshold, our results from single-

cell PCRs of 301 individuals revealed 12 different genetic lineages and both the general

mixed Yule-coalescent (GMYC) model and the automatic barcode gap discovery

(ABGD) methods largely support the hypothesis that these 12 H. papilio lineages corre-

spond to evolutionary independent units (i.e. cryptic species). Our data also showed a

high degree of genetic heterogeneity within different geographical regions. Further-

more, we used variation partitioning based on partial redundancy analyses (pRDA) to

evaluate the contributions of climate and dispersal limitations on the distribution pat-

terns of the different genetic lineages. The largest fraction of the variation in genetic

lineage distribution was attributed to purely climatic factors (21%), followed by the

joint effect of spatial and bioclimatic factors (13%), and a purely spatial effect (3%).

Therefore, these data suggest that the distribution patterns of H. papilio genetic lin-

eages in the Northern Hemisphere are more influenced by climatic conditions than by

dispersal limitations.
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Introduction

Free-living microbial eukaryotes or protists play funda-

mental roles in nutrient cycling and food-web processes

in soils and aquatic environments (Adl & Gupta 2006;

Wilkinson 2008); however, little is known about their

overall diversity and phylogeography. Because of their

large population sizes and small body sizes, dispersal

limitation in free-living protists has been inferred to be

essentially nonexistent, leading to opinions that these

species tend to have cosmopolitan distribution patterns

(Finlay 2002). This view, known as the ‘ubiquity

hypothesis’, is supported by surveys of protist morpho-

species and by some molecular phylogenetic data (Fin-

lay & Clarke 1999; Slapeta et al. 2006; Pawlowski et al.

2007). However, several reports of morphospecies with

restricted distributions challenge the validity of the

‘ubiquity hypothesis’ (Smith & Wilkinson 2007;

Vanormelingen et al. 2008; Heger et al. 2011). Further-

more, environmental PCR surveys of eukaryotic micro-

bial diversity have shown that the genetic variation
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in some free-living protists corresponds with distinct

spatial patterns. For instance, Lowe et al. (2010) demon-

strated that some genetic lineages of the dinoflagellate

Oxyrrhis marina occurred only in the Mediterranean sea;

Bass et al. (2007) reported that some cercomonad species

show restricted and/or patchy distributions; and Boo

et al. (2010) reported that most phylotypes of the fresh-

water alga Synura petersenii have distinct geographical

boundaries. More recently, Zufall et al. (2013) reported

high levels of population subdivision, low rates of migra-

tion and significant isolation by distance in the freshwa-

ter aquatic ciliate Tetrahymena thermophila. There is

therefore compelling evidence for biogeographical pat-

terns in different groups of marine and freshwater free-

living protists, but so far, molecular phylogenetic data

from soil habitats such as peat soils remain very scarce

(Epstein & L�opez-Garc�ıa 2008; Fontaneto 2011). The pro-

cesses that govern the diversity and distribution of protists

have also received little attention, and it remains

unclear whether biogeographical patterns in free-living

protists result from historical processes (e.g. dispersal

limitations) or contemporary environmental processes

(e.g. local selection). Hanson et al. (2012) reviewed 54

studies that addressed this question and concluded

that contemporary selection had a greater effect on

microbial composition than historical processes. To

date, no study has investigated the relative contribution

of dispersal effects and environmental factors on the

genetic lineages of a protist morphospecies or a protist

species complex using a genetic approach such as DNA

barcoding.

The main goals of this study were to examine the

phylogeographical patterns and processes of H. papilio

morphospecies, a putative species complex (Kosakyan

et al. 2012), in Northern Hemisphere peatlands by

addressing the following questions: (i) What is the extent

of genetic variation within H. papilio morphospecies? (ii)

How many distinct genetic lineages of H. papilio

are there? (iii) Can these lineages be considered as evolu-

tionary independent units (i.e. cryptic species)? (iv) To

what extent do climatic and spatial factors explain the

geographical patterns of genetic lineages of H. papilio?

This morphospecies provides an excellent model for

investigating the biogeography of free-living terrestrial

protists because H. papilio is characterized by a very dis-

tinctive morphology: a large proteinaceous shell

(120 lm) and the presence of intracellular Chlorella-like

symbionts (Fig. 1), (Charret 1964; Ogden & Hedley

1980). These features facilitate the identification and iso-

lation of this morphospecies for single-cell (SC) PCR and

molecular phylogenetic analysis. H. papilio is also abun-

dant in Northern Hemisphere Sphagnum-dominated

peatlands, and its occurrence has been extensively docu-

mented in numerous ecological and palaeoecological

studies (Meisterfeld 2002; Booth & Zygmunt 2005; Mitch-

ell et al. 2008). By contrast, H. papilio appears to be

lacking in Southern Hemisphere Sphagnum-dominated

peatlands (Smith et al. 2008).

Sphagnum-dominated peatlands are characterized by

low pH and low concentrations of mineral nutrients,

which act as strong environmental filters on communi-

ties. Although Sphagnum-dominated peatlands are not

(a)

(c) (d)

(b)

Fig. 1 Light micrographs (LM) illustrating four specimens of

Hyalosphenia papilio. We isolated and extracted DNA from for

single-cell PCR. Specimens shown in (a) and (c) were sampled

in Alaska and belong to genetic lineage C. Specimens shown in

(b) and (d) were sampled in Switzerland and belong to genetic

lineage A. Scale bar = 60 lm.
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highly biodiverse, they do harbour many characteristic

species of plants, animals, fungi and microorganisms.

As a result, these ecosystems often constitute isolated

‘islands’ in terrestrial landscapes. Many species, such as

the testate amoeba H. papilio, are restricted to Sphag-

num-dominated peatlands (Rydin & Jeglum 2006; Opelt

et al. 2007a,b; Bragina et al. 2012). Thus, the island-like

nature of Sphagnum-dominated peatlands offers a useful

natural system for investigating the importance of

dispersal limitation and environmental factors on the

biogeographical patterns of terrestrial protists.

We used the mitochondrial cytochrome c oxidase

subunit 1 (COI) gene to investigate the genetic diversity

within H. papilio morphospecies on a global scale. COI

was shown to be the marker of choice for assessing the

genetic diversity and population structure in animals

and several groups of protists, including ciliates, dino-

flagellates, euglyphid testate amoebae, arcellinid testate

amoebae and naked amoebae (Hebert et al. 2003; Gent-

ekaki & Lynn 2009; Nassonova et al. 2010; Stern et al.

2010; Lara et al. 2011; Kosakyan et al. 2012; Zufall et al.

2013). The high number of mitochondria per cell facili-

tates PCR amplification of COI sequences from single-

cell isolates. COI sequences are also characterized by a

higher rate of sequence variation than nuclear small

subunit (SSU) rDNA sequences, which facilitates high

genetic resolution and allows phylogeographical investi-

gations. We then assessed if climatic, spatial and micro-

environmental factors explained the geographical

patterns of H. papilio genetic lineages.

Materials and methods

Sampling and single-cell isolation

A total of 298 single cells of the morphospecies Hyalo-

sphenia papilio were isolated from Sphagnum samples

collected in 42 peatlands in North America, Europe and

Asia (Table 1). Hyalosphenia papilio was extracted from

the first five centimetres of the Sphagnum mosses by

sieving and back-sieving using a 30- and 100-lm mesh.

Individual cells were isolated using a narrow diameter

pipette under an inverted microscope and washed three

times with distilled water before being deposited into a

0.2-mL Eppendorf tube.

Single-cell PCR amplification and DNA sequencing

Mitochondrial cytochrome c oxidase subunit I gene

(COI) fragments of 629 bp were amplified by seminested

PCR using general COI primers LCO1490 and HCO2198

(Folmer et al. 1994) in the first reaction followed by a

specific H. papilio primer (Arcox3R: 5′- ATA AAT GCT

GAT ACA AAA TAG G3′) paired with the general

LCO1490 primer in a second reaction. Single cells were

added directly to a tube containing the general COI

primers and an illustra PuReTaq Ready-to-Go PCR bead

(GE Healthcare) in a final volume of 25 lL of water. The

PCR cycling profile for the first PCR was as follows: an

initial denaturation step for 4 min at 95 °C, followed by

39 cycles of 0.5 min of denaturation at 95 °C, 0.5 min of

annealing at 42 °C and 2 min of elongation at 72 °C,
with an additional final elongation step of 5 min at

72 °C. The cycling profile was the same for the second

PCR in the seminested protocol, except that the anneal-

ing temperature was increased to 50 °C. Negative con-

trols were used in all amplification steps. Each reaction

was checked for length by running 3 lL of the PCR

product on 2% agarose gels with 19 nucleic acid stain

GelRed (Biotum Inc.). The PCR products were purified

with exonuclease I⁄shrimp alkaline phosphatase (Exo-

SAP-IT, USB Corporation) and subsequently sequenced

in both directions with a BigDye Terminator Kit. New

COI sequences were manually edited in Bioedit 7.0.9

(Hall 1999) and identified with BLAST and molecular

phylogenetic analysis before being deposited in

GenBank (KC170411 - KC170708).

Multiple sequence alignment and molecular
phylogenetic analyses

Molecular phylogenetic analyses were performed on a

301-taxon alignment consisting of 629 bp (298 new COI

sequences as well as three previously published

sequences from H. papilio) (Table 1). Eight previously

published H. papilio sequences were not included in our

analyses because they were either too short or not assign-

able to an unambiguous number of specimens because

they were obtained from a multiple-cell DNA extraction.

Inferred trees were rooted with COI sequences from two

closely related species, Nebela penardiana (JN849062) and

Nebela galeata (JN849060, JN849058 and JN849059) (Kosak-

yan et al. 2012). Trees were inferred with maximum-likeli-

hood (ML) analyses using Treefinder (Jobb et al. 2004)

and Bayesian inference methods using MrBayes v. 3.1.2

(Ronquist and Huelsenbeck 2003). The Modeltest pro-

gram (Posada & Crandall 1998) identified the TrN+I+ G

as the most appropriate model of sequence evolution. ML

analyses were run for 1000 replicates, and the most likely

tree was chosen from those runs. Bayesian analyses con-

sisted of three simultaneous Markov chains ran for 10 mil-

lion generations from a random starting tree; trees were

sampled every 1000 generations. The first 250 000 ‘burn-

in’ trees were discarded after checking that the chains had

converged. The resultant trees were used to calculate the

posterior probabilities (PP) for each node. Trees were

viewed using FigTree (program distributed as part of

BEAST: http://tree.bio.ed.ac.uk/software/figtree/).
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Lineage delineation strategies and haplotype diversity

We identified genetic lineages based on ≥1% sequence

divergence. This threshold has been selected as in amoe-

bae, a recent study revealed a very low level of COI intra-

strain polymorphism (≤0.5%) and a limited to high level of

interspecies divergence (i.e. minimum ca. 1%) (Nassonova

et al. 2010). Sequence divergences were calculated using

the Kimura 2-parameter (Kimura 1980) in R, version 3.01

(R Development Core Team 2010), using the package

‘ape’, version 3.0-1 (Table S1, Supporting information). To

further evaluate the number of independent evolving

units within H. papilio (i.e. putative cryptic species), we

used the general mixed Yule-coalescent (GMYC) model

(Pons et al. 2006; Fontaneto et al. 2007) and the automatic

barcode gap discovery (ABGD) method (Puillandre et al.

2012). The GMYC method allows the identification of

independent evolutionary units (IEUs) by discriminating

population and speciation processes (Pons et al. 2006;

Monaghan et al. 2009) while the ABGD method separates

DNA sequences based on an automatic procedure of bar-

code gap discovery. For the GMYC model, we first

removed identical sequences, and then, an ultrametric tree

was generated in BEAST 1.6.2 (Drummond & Rambaut

2007) under the TrN+I+Gmodel with an uncorrelated log-

normal relaxed molecular clock model (Drummond et al.

2006) and a coalescence tree prior. Two independent Mar-

kov chain Monte Carlo (MCMC) were run for 10 million

generations and sampled every 1000 steps. Of 2.5 million

samples were discarded as a burn-in. The GMYC analysis

was performed with the splits package, version 1.0-18

(Ezard et al. 2009), in R, version 3.01 (R Development Core

Team 2010). Both the single threshold (Pons et al. 2006)

and multiple threshold (Monaghan et al. 2009) methods

were evaluated on the data set. Chi-squared test was used

to test whether or not the performance of these twomodels

differed significantly. Because no significant differences

were revealed (chi square = 1.142, d.f. = 3, P = 0.767),

only the results obtained from the single threshold model

were reported. The ABGD method was implemented

using the web server of the program with the Kimura K80

model and the default parameters (http://wwwabi.snv.

jussieu.fr/public/abgd)/. For each H. papilio lineage,

basic measurements of genetic diversity were calculated

using the DnaSP software (Rozas et al. 2003), including the

number of sequences (Nseq), the number of haplotypes

(Nhap), the number of polymorphic sites (S), the haplo-

type diversity (h) and the nucleotide diversity (p)
(Table 2).

Explanatory variables and variation partitioning

Two groups of explanatory variables were assessed for

their effects on the distribution patterns of H. papilio
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lineages. The first one consisted of the altitude variable,

water pH and 19 climatic variables extracted from the

WORLDCLIM database (Table S2, Supporting informa-

tion). WORLDCLIM, version 1.4; www.worldclim.org

(Hijmans et al. 2005) consists of a set of climate layers at

a spatial resolution of arc seconds (approximately

1 9 1 km) that were obtained by interpolation of

climate station records from 1950 to 2000. WORLDC-

LIM is the highest resolution global climate data set

available. Generic data were first converted into ESRI

ASCII files using DIVA-GIS 5.2 (Hijmans 2001) before

being imported and converted into raster in ArcMap

using ArcGIS 10 Desktop (ESRI, Redlands, CA, USA).

The 19 bioclimatic variables used in this study were

coded as follows: annual mean temperature (BIO1),

monthly average of diurnal temperature range (BIO2),

isothermality (BIO3), temperature seasonality (standard

deviation 9 100) (BIO4), max temperature of warmest

month (BIO5), min temperature of coldest month

(BIO6), temperature annual range (BIO7), mean temper-

ature of the wettest quarter (BIO8), mean temperature

of driest quarter (BIO9), mean temperature of warmest

quarter (BIO10), mean temperature of coldest quarter

(BIO11), annual precipitation (BIO12), precipitation of

wettest month (BIO13), precipitation of driest month

(BIO14), precipitation seasonality (coefficient of varia-

tion) (BIO15), precipitation of wettest quarter (BIO16),

precipitation of driest quarter (BIO17), precipitation of

warmest quarter (BIO18) and precipitation of coldest

quarter (BIO19). Small differences between the climatic

conditions at the sampling sites and the Worldclim cli-

matic variables cannot be ignored, but for this study,

which aims to assess the genetic diversity within

H. papilio morphospecies from different climatic regions,

Worldclim provides reliable climatic estimates. Water

pH, standardized to 20 °C, was measured on water

extracted from 27 Sphagnum samples. Sample volume

was insufficient for the remaining samples (Table 1).

The second group of explanatory variables consisted of

spatial variables, which were generated through the use

of principal coordinates of neighbour matrices (PCNM)

analysis. This analysis is based on the calculation of a

principal coordinate analysis (PCoA) from a truncated

matrix of Euclidean distances among sampling sites

(Borcard & Legendre 2002; Borcard et al. 2011). In this

study, the eigenvectors associated with positive eigen-

values were used as explanatory variables in ordination

analyses to explain the effect of spatial distance

between sampling sites on the distribution patterns of

H. papilio lineages. PCNM variables better represent the

spatial variation than geographical coordinates or poly-

nomials (Borcard & Legendre 2002; Borcard et al. 2011).

The H. papilio genetic data matrix corresponding to the

abundance of genetic lineages at each site was Hellinger

transformed (Legendre & Gallagher 2001). Hellinger

transformation is a pretransformation of species data

used for RDA that avoid considering the absence of the

lineages as a resemblance between communities (Carl-

son et al. 2010). For multivariate analysis, we excluded

four sampling sites, from which only one specimen was

sequenced. Redundancy analysis (RDA) was applied

using ANOVA permutations tests (999 permutations)

with forward selection to identify environmental and

spatial variables that significantly explained parts of the

variation in the lineage composition data. For this for-

ward selection procedure, we used the doublestop crite-

rion method described by Blanchet et al. (2008).

Variation partitioning was then carried out using only

the selected explanatory variables to assess the signifi-

cance of the different fractions. The R2 values were

adjusted to correct for differences in the number of

samples and differences in the number of independent

variables in both groups of explanatory data sets

(Peres-Neto et al. 2006). To evaluate the linear depen-

dencies between selected environmental variables, the

variables’ variance inflation factors were assessed

(Borcard & Legendre 2002; Oksanen 2013). All variance

inflation factors revealed weak colinearity between

selected variables (VIF values < 10). All analyses were

performed in R, version 3.01 (R Development Core

Team 2010), using the package ‘PCNM’, version 2.1-2,

to generate ‘PCNM’ eigenvectors, the version 0.0-8 of

Table 2 Summary details of the number of sequences (Nseq), haplotypes (Nhap), polymorphic sites (S) as well as the diversity value

of haplotype (h) and nucleotide (p) for Hyalosphenia papilio

Lineages

All sequencesA B C D E F G H I J K L

N seq 70 7 11 63 10 1 19 11 63 40 4 2 301

Nhap 16 1 6 5 1 1 8 1 10 8 3 1 49

S 9 0 5 4 0 0 8 0 8 7 4 0 103

h 0.878 0 0.836 0.448 0 0 0.889 0 0.770 0.600 0.833 0

p 0.0027 0 0.0031 0.0008 0 0 0.0040 0 0.0030 0.0026 0.0034 0
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the ‘packfor’ package for the forward selection of

explanatory variables, and the packages ‘vegan’, version

2.0-2, for variation partitioning and variance inflation

factor analyses.

Results

Single cells of the morphospecies Hyalosphenia papilio

were isolated from Sphagnum samples collected in 42

peatlands of the Northern Hemisphere between 2008 and

2011. We performed seminested PCR using general COI

primers in the first reaction followed by a specific

H. papilio primer to amplify a 629-bp fragment of the

mitochondrial cytochrome c oxidase subunit I gene

(COI). We generated partial COI sequences from 298 sin-

gle cells. In addition, three sequences were obtained from

a previous study (JN849011, JN849013 and JN849016).

Genetic diversity

We analysed the genetic variation within 629 bp of the

COI gene for a total of 301 sequences from individual

cells of H. papilio isolated from 42 Sphagnum-dominated

peatlands in North America (179 specimens), Europe

(105 specimens) and Asia (17 specimens) (Table 1;

Fig. 2). For each sampling site, the number of

sequenced specimens per site ranged from 1 to 25

(Table 1). Examination of the 629-bp alignment revealed

high levels of genetic diversity; 49 distinct haplotypes

were identified, and a total of 103 sites were polymor-

phic (Table 2). The maximum sequence divergence

between H. papilio sequences was 11.6%.

Phylogenetic lineages and evolutionary independent
units

Twelve distinct lineages of H. papilio (A–L) were identi-

fied based on a ≥1% sequence divergence threshold

(Fig. 2). Each of these lineages comprised from 1 to 70

sequences (average 25.1) and 1 to 16 haplotypes (aver-

age 5.1). Trees were inferred with maximum-likelihood

(ML) analyses and Bayesian inference methods. Both

methods of phylogenetic reconstruction resulted in sim-

ilar topologies and provided high posterior probability

support (i.e. ≥0.98) for all lineages and strong maxi-

mum-likelihood statistical support for lineages B, E, G,

H, K and L (bootstrap values ≥95), moderate statistical

support for lineages A, I and J (bootstrap values = 80–

94), and relatively weak statistical support for lineages

C and D (bootstrap values = 65–75) (Fig. 2).

The general mixed Yule-coalescent (GMYC) analysis

based on the single threshold model revealed a total of

12 H. papilio GMYC independent clusters (eight clusters

and four singletons) with a confidence interval of 11–16.

This single threshold model provided a significantly

better fit to the data than the null model of a single

coalescent population (P = 0.035). These 12 evolutionary

Lineage A
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Fig. 2 Phylogenetic tree inferred from maximum-likelihood

(ML) analysis of 629 nucleotide positions and 301 COI

sequences from single-cell isolates of Hyalosphenia papilio. Num-

bers represent bootstrap values obtained by ML analysis (1000

replications) and posterior probabilities obtained by Bayesian

analysis. Bootstrap values lesser than 65% are not shown. The

tree was rooted with sequences from two arcellinid species:

Nebela penardiana (JN849062) and Nebela galeata (JN849058,

JN849059 and JN849060). Branch lengths are proportional to

the number of substitutions per site (see scale bar). The

number of sequences and haplotypes of each lineage are

reported in Table 2.
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independent units (EIUs) were the same as the ones

identified based on a 1% delineation cut-off. The auto-

matic barcode gap discovery (ABGD), based on stan-

dard settings, revealed seven a priori thresholds (i.e.

barcoding gaps). Low a priori threshold values sug-

gested 11 EIUs while higher threshold levels identified,

respectively, 7 and 4 EIUs. Based on the fact that inter-

species COI genetic divergence can be relatively low in

amoebae (Nassonova et al. 2010), we considered the first

scenario (i.e. 11 EIUs) more likely than the two other

alternatives. These 11 EIUs defined by the ABGD

method are also very congruent with the ones revealed

by the ≥1% sequence divergence threshold, except the

ABGD method grouped the clades D and E together.

Phylogeographical patterns

Our data showed a high degree of heterogeneity in

genetic structure among different geographical regions

(Fig. 3). Most lineages had restricted geographical dis-

tributions. For instance, lineages H and K were found

only along the southwestern coast of British Columbia

(Canada); lineage D was only found in South central

British Columbia; lineage B was only found in the

Canadian Rockies; lineage J was only found along the

Canadian east coast near Halifax; and lineages E, G and

O were only found in Alaska. Conversely, two lineages

had a relatively widespread distribution: lineage F was

found in Europe and North America (i.e. Pechora and

Alaska), and lineage A was found in Asia and Europe

(i.e. Palearctic) (Fig. 3). The number of genetic lineages

per site varied from 1 to 4, but in most cases, only one

lineage was found per site. Our results did not demon-

strate any evidence of seasonal succession. We always

found identical haplotypes when several samples were

collected from the same location at different time points

(e.g. sampling sites 16, 26 and 36).

Variation partitioning

Variation partitioning (Borcard et al., 1992) was used to

quantify the correlation of climatic and spatial variables

with the distribution patterns of H. papilio lineages.

Although the number of sequenced specimens varied

from site to site, our data provided reliable estimations

of H. papilio genetic lineage composition per site because

few genetic lineages occurred at each site. Two groups

of explanatory variables were used in this analysis: (1)

altitude and 19 climatic variables and (2) spatial vari-

ables. To reduce the size of the two explanatory data

sets, we ran forward selection using redundancy analy-

ses (RDA). The four climatic variables selected were iso-

thermality (BIO3), temperature seasonality (standard

deviation 9 100) (BIO4), mean temperature of warmest

quarter (BIO10), mean temperature of coldest quarter

(BIO11), annual precipitation (BIO12). For the second

group of explanatory variables, only one spatial variable

(i.e. PCNM1 eigenvector) was significantly correlated to

compositional differences of H. papilio lineages. Varia-

tion partitioning was then carried out through a series

Fig. 3 Biogeographical distribution of the 301 single-cell isolates of the Hyalosphenia papilio morphospecies. Colours and letters

indicate the 12 genetic lineages of H. papilio shown by phylogenetic analysis of the COI sequences. Pie charts refer to the proportion

of sequences representing each genetic lineage at each sampling site (see Table 1). Colour assignments match those in Fig. 2.
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of partial RDA (Borcard et al. 2011) using the five

selected explanatory variables. Together, these five vari-

ables explained 37% of the total variation after correc-

tion for multiple comparisons (Peres-Neto et al. 2006).

When this variation was decomposed, the largest frac-

tion was attributed to purely climatic factors (21%), fol-

lowed by the joint effect of spatial and climatic factors

(13%), and a purely spatial effect (3%) (Fig. 3; in all

cases P < 0.05, 999 permutations). In order to assess if

our results were biased by the inclusion of sites from

which only few sequences were obtained, we performed

a second variation partitioning analysis in which sam-

pling sites comprising less than four sequenced speci-

mens were excluded (Fig. 4). The results of this analysis

were almost identical to those of the full data set (i.e. the

fraction of the variation attributed to purely climatic

factors, the joint effect of spatial and the climatic factors

and a purely spatial effect were, respectively, 21%, 12%

and 4%). To further evaluate the impact of different

sampling intensities among sites, we ran a complemen-

tary RDA analysis in which the total number of

sequences per site was incorporated as a covariate. The

forward selection indicated that this variable is not sig-

nificantly correlated with compositional differences of

H. papilio lineages. Finally, we also evaluated the corre-

lation of pH with the compositional differences of

H. papilio lineages by analysing a data set comprising

only the sampling sites for which pH variables were

available. Explanatory variables were the same as in the

previous analyses, except that we included pH as an

additional variable in the environmental group of

explanatory variables. Similarly to the previous analy-

ses, four climatic variables and one spatial variable were

very significantly correlated with compositional differ-

ences of H. papilio lineages (P < 0.01 after 999 permuta-

tions), but no significant correlation was found between

pH and H. papilio lineage distribution.

Discussion

We used COI sequences to assess the genetic diversity

and phylogeography of the testate amoeba morphospe-

cies Hyalosphenia papilio from Sphagnum-dominated

peatlands in the Northern Hemisphere. To our knowl-

edge, this is the first global phylogeographical data set

of COI sequences from over 300 single-cell isolates from

a single protist morphospecies. This study also provides

the first framework to quantify the relative influence of

climatic and spatial factors on the genetic structure of a

terrestrial protist morphospecies.

Genetic diversity and detailed phylogeography of
H. papilio species complex

The combination of a high genetic resolution with sam-

pling from three continents demonstrated a large level

of genetic diversity with nonrandom geographical dis-

tributions. Most of the genetic lineages have been

reported from only one continent. In Europe and along

the Southwestern coast of British Columbia, where the

sampling effort was the highest, only two different

genetic lineages have been retrieved from each of these

two regions, what supports the idea that not all

lineages are cosmopolitan. Overall, 49 COI haplotypes

were recovered from the 301 investigated specimens

and 12 distinct lineages were found based on a 1%

delineation cut-off. These results agree with our preli-

minary COI and SSU rRNA sequence data, which indi-

cated a large degree of genetic diversity within

H. papilio morphospecies (Kosakyan et al. 2012; T.

Heger, unpublished results). Similar studies have

shown moderate to high levels of genetic diversity

within other major groups of protists; however, to our

knowledge, such extensive COI molecular diversity

seems higher than the COI diversity values reported

from other studies. For instance, Lowe et al. (2010)

found only four distinct haplotypes within the marine

Oxyrrhis marina morphospecies isolated at broad geo-

graphical scale (N = 58); Gentekaki & Lynn (2012)

reported 29 haplotypes distributed among six Carche-

sium polypinum clades from freshwater samples col-

lected in the Grand River Basin (Canada), and a few

other locations (N = 100); Zufall et al. (2013) identified

24 unique haplotypes in Tetrahymena thermophila

(N = 165) isolated from ponds in the USA; and Lara

et al. (2011) found, in European Sphagnum-dominated

peatlands, only three slightly different haplotypes

within the euglyphid testate amoeba Assulina seminulum

(N = 30). However, the comparisons of these results

should be made with caution, because the sampling

intensity and the extent of the investigated geographical

area vary between studies.

21 %**
13 %

3 %**

16 %**

Climate

34 %**

Shared

63 %Undetermined variation

Spatial

Fig. 4 Fractions of adjusted percent (R2 adj) explained for the

genetic composition of Hyalosphenia papilio by the set of predic-

tor variables (climate = variation explained by climatic condi-

tions and spatial = variation explained by spatial structure).

ANOVA permutation tests were calculated on the variation

explained by each set without the effect of the other

(**P < 0.01).
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The maximum sequence divergence between lineages

of H. papilio ranged from 1 to 11.6%, and even though

no absolute threshold of COI sequence divergence has

been established for delimiting species of either amoe-

bae or any other protists (Boenigk et al. 2012), such high

divergence values typically indicate the presence of dif-

ferent species (Kosakyan et al. 2012). In agreement with

this hypothesis, the GMYC model recognized 12 evolu-

tionary independent units (i.e. putative species) corre-

sponding to the 12 lineages and the ABGD method

provided almost the same conclusions. Therefore, we

consider each of these 12 lineages as putative indepen-

dent species. We chose not to redescribe these 12 differ-

ent genetic lineages of H. papilio as new species because

comparative morphology of the isolates using light

microscopy (LM) did not provide any features that

distinguish between members of the different lineages.

For instance, variation in the number of shell pores did

not correspond with the different lineages and can be

interpreted as phenotypic plasticity, as previously sug-

gested by Booth & Meyers (2010). However, further

investigation of traits associated with the symbionts or

ultrastructural systems might identify characteristic fea-

tures for each of these 12 putative species.

Possible influence of environmental and spatial factors
on the phylogeography of H. papilio

The variation partitioning analyses demonstrated that

both environmental and spatial factors were signifi-

cantly correlated with the geographical structure of

genetic lineages in H. papilio. One-third of the total

explained variation (13% of 37%) arose from the joint

effect of environmental and spatial factors (i.e. climatic

signal that is geographically structured). The fraction of

variance explained by pure environmental factors was

more than six times larger thanby pure spatial variables

(21% vs. 3%). In other words, our data suggest that the

distribution of H. papilio genetic lineages in the North-

ern Hemisphere is primarily driven by niche restrictions

and secondarily by dispersal limitations. The data

obtained along a strong climatic gradient in British

Columbia and Alberta illustrate these conclusions.

Sequences belonging to different lineages were found

across three adjoining bioclimatic regions: the Pacific

coastal region characterized by an oceanic climate, the

interior region characterized by a continental climate

and the Rockies region characterized by an alpine cli-

mate (Fig. 3). Interestingly, our results agree with other

studies that found that, over a broad scale, local envi-

ronmental factors have more impact on microbial

communities than dispersal limitation (Hanson et al.

2012). Verleyen et al. (2009) performed one of the rare

studies that quantified the relative importance of

environmental and spatial factors on protist communi-

ties at a broad geographical scale. Their findings indi-

cated that local environmental factors accounted for

most of the explained variation in freshwater diatom

communities, whereas dispersal-related factors were

much less important.

In this study, we selected the four climatic factors

that most influenced the assemblages of H. papilio

genetic lineages: two corresponded to precipitation-

related variables and two corresponded to temperature-

related variables. These results were consistent with the

findings of ecological studies suggesting that H. papilio

responds primarily to moisture, and populations within

geographically distinct peatlands have different mois-

ture optima (which potentially correspond to the dis-

tinct phylotypes of H. papilio) (Booth 2001; Payne 2008).

The importance of temperature on H. papilio-dominated

communities has been documented by Jassey et al.

(2011), but it is unknown if different H. papilio lineages

(i.e. EIUs) have distinct temperature optima, as shown

in other groups of protists. Souffreau et al. (2013), for

instance, found that the cosmopolitan terrestrial

diatoms Pinnularia borealis and Hantzschia amphioxys

strains have lower optimal growth temperature and

upper lethal temperature than most lineages from more

temperate regions. Similarly, Boenigk et al. (2006)

reported that phylotypes of ‘Spumella-like’ flagellates

isolated from different continents differ considerably

with respect to their ecophysiology. Altogether, these

data support the hypothesis that evolutionary indepen-

dent units of H. papilio correlate with physiological

tolerances. Interestingly, pH does not seem to be an

important driver determining H. papilio genetic lineage

distribution although this variable frequently emerges

as significant in explaining the community patterns of

testate amoeba morphospecies in peatlands (Mitchell

et al. 2008).

The selected spatial PCNM variable 1 explained

genetic variation that was not attributable to climatic

factors. In other words, our data also provide support

for the idea of dispersal limitation in the genetic lineage

composition of H. papilio and thus for the so-called

biogeography hypothesis or moderate endemicity distri-

bution hypothesis, which assumes that at least some

free-living protists have restricted geographical distribu-

tions (Foissner 2006). Although dispersal mechanisms

in protists remain poorly understood, wind is thought

to be one of the main agents for the dispersal of terres-

trial testate amoeba (Wilkinson 2001). In addition,

animals, including humans, represent potential vectors

for the dispersal of protists (Foissner 2006; Perrigo et al.

2012). Dispersal limitations in terrestrial protists likely

relate to the population size of a species, the ability to

form resting cysts, the size of the test (if present) and

© 2013 John Wiley & Sons Ltd
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the spectrum of ecological tolerances (Finlay & Fenchel

2004; Mitchell & Meisterfeld 2005; Foissner 2008; Lara

et al. 2011).

It is unlikely that population size explains the

dispersal limitations of H. papilio, because this species is

very abundant in Northern Hemisphere peatlands.

Moreover, H. papilio has the ability to form resting cyst

(Charret 1964) that probably facilitates its dispersal

capability. By contrast, it is more likely that the compar-

atively large size of this species (about 120 lm, for both

living and encysted individuals) limits its dispersal

capability. Both empirical and modelling data have sug-

gested that dispersal limitation increases with the size of

the testate amoeba species, and the size of H. papilio is

clearly in the range where passive dispersal over long

distances is extremely unlikely (Wilkinson 2001; Yang

et al. 2010; Wilkinson et al. 2012). Moreover, the narrow

ecological tolerance of H. papilio might lower its rate of

dispersal. If a species occurs only in relatively extreme

and isolated habitats such as Sphagnum-dominated peat-

lands, it is more likely that dispersal limitation will

impact its distribution. In this study, the spatial effect on

the distribution of H. papilio genetic lineages has been

interpreted as an indication of dispersal limitation.

However, it is important to point out that we cannot

completely rule out the possibility that the impact of dis-

persal limitation has been overestimated because a spa-

tial signal can also emerge if unmeasured environment

variation is spatially structured (Borcard et al. 2011).

Although we included several relevant climatic and spa-

tial factors in our analyses, 63% of the variation in

H. papilio lineages assemblages remained unexplained.

This variation might be explained by the substrate

(Sphagnum species on which H. papilio lives) or by

numerous others factors such as the ones known to

directly or indirectly influence testate amoeba communi-

ties (e.g. UV-B, Ca2+, NO�
3 ) (Tolonen et al. 1994; Mitchell

et al. 2000; Searles et al. 2001). In addition, a certain per-

centage of the unexplained variation might be related to

the fact that the H. papilio diversity was not completely

described, despite their important sampling effort. Obvi-

ously, extending the sampling and integrating addi-

tional environmental factors and conducting transplant

experiments will be helpful to further advance our

understanding of the influence of historical and contem-

porary environmental processes on the biogeography of

H. papilio. Furthermore, additional investigations based

on other protist species are needed in order to better

understand soil protistan diversity and biogeography.
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