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Population genetic markers are increasingly being used

to study the diversity, ecology and evolution of Symbio-

dinium, a group of eukaryotic microbes that are often

mutualistic with reef-building corals. Population genetic

markers can resolve individual clones, or strains, from

samples of host tissue; however, samples may comprise

different species that may confound interpretations of

gene flow and genetic structure. Here, we propose a

method for resolving species from population genetic

data using tests for genetic recombination. Assigning

individuals to genetically recombining populations

prior to further analyses avoids critical errors in the

interpretation of gene flow and dispersal. To demon-

strate the effectiveness of the approach, we first apply

this method to a simulated data set. We then use the

method to resolve two species of host generalist Sym-

biodinium that commonly co-occur in reef-building

corals collected from Indo-West Pacific reefs. We dem-

onstrate that the method is robust even when some

hosts contain genotypes from two distinct species.

Finally, we examine population genetic data sets from

two recently published papers in Molecular Ecology. We

show that each strongly supports a two species interpre-

tation, which significantly changes the original conclu-

sions presented in these studies. When combined with

available phylogenetic and ecological evidence, the use

of population genetic data offers a robust method

for unambiguously delimiting morphologically cryptic

species.
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Introduction

Population genetic data are increasingly generated in eco-

logical studies of the dinoflagellate genus, Symbiodinium, a

diverse group of dinoflagellates often associated with reef-

building corals and other Cnidaria (Andras et al. 2011; Pet-

tay & LaJeunesse 2013; Baums et al. 2014; Thornhill et al.

2014). The analysis of these data generally requires alleles

to be assigned to individuals and assumes that all samples

analysed together are members of the same species. This

allows the data to be organized into multilocus genotypes

(MLGs). These MLGs can then be analysed under the

assumptions of population genetic models. A number of

factors must be considered, however, before meeting these

basic criteria for analysis.

The genus Symbiodinium is widely recognized as ecologi-

cally and genetically diverse; however, there are relatively

few described species (Trench & Blank 1987; Hansen and

Daugbjerg 2009, LaJeunesse et al. 2012; LaJeunesse et al.

2014), making initial species identification of samples prob-

lematic. Ribosomal DNA (rDNA) has often been used to

provisionally resolve ‘species’ diversity (LaJeunesse 2001)

because Symbiodinium with fixed differences in rDNA exhi-

bit distinct ecological, biogeographical and physiological

attributes (Rodriguez-Lanetty et al. 2004; Sampayo et al.

2007; Frade et al. 2008; LaJeunesse et al. 2010). However,

sometimes rDNA can fail to resolve ecologically distinct

Symbiodinium. At least a few studies have resolved Symbio-

dinium with the same internal transcribed spacer (ITS) or

large subunit (LSU) sequence with higher resolution

genetic markers into multiple distinct entities or species

(Santos et al. 2004; Finney et al. 2010; LaJeunesse & Thorn-

hill 2011; Thornhill et al. 2014). Consequently, no single

genetic marker currently resolves species in this group,

and a hierarchical multilocus approach is generally

required to obtain species-level resolution (LaJeunesse et al.

2012; LaJeunesse et al. 2014).

Host tissues often contain millions of Symbiodinium cells

per square centimetre (Fitt 2000; Thornhill et al. 2011), all

of which contribute to the pool of DNA isolated from a

sample. In most cases, multilocus genotyping is possible

because samples contain a clonal population of gametophy-

tic cells that are either haploid (Pettay et al. 2011; Baums

et al. 2014) or, in some cases, effectively diploid, putatively

through genome duplication (LaJeunesse et al. 2014; Wham

et al. 2014). In several studies, the number of samples with

mixed genotypes was thought to be high, which deterred

the characterization of MLGs for population genetic infer-

ence (Howells et al. 2009, 2013; Wirshing et al. 2013). When

mixtures occur, the origin of mixed genotypes may be two

or more resident individuals of the same species (Pettay

et al. 2011; Baums et al. 2014), genotypes from multiple spe-

cies (LaJeunesse et al. 2014) or the mixture of genotypes
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from multiple individual clones and species (LaJeunesse

et al. 2014). It is important to distinguish between these

potential explanations when making inferences from mixed

samples; however, these competing explanations have

rarely been considered.

Here, we employ a hierarchical approach to analysing

Symbiodinium population genetic data generated from host

samples. Our approach aims to assess the occurrence of sep-

arate species in a data set and then designate the origin of

mixed samples. We start by resolving putative species as

genetic groups that form clusters across a geographical range

by analysing correlations in allelic identity among individu-

als. We then parse MLGs into separate species and identify

alleles diagnostic for these species, in many cases allowing

mixed samples that contain individuals of two species to be

separated into separate MLGs unambiguously. To test the

accuracy and utility of this approach, we applied these tech-

niques to a simulated microsatellite data set, which we mod-

elled as two reproductively isolated species, diverging by

the processes of mutation and drift. We then analysed a Sym-

biodinium data set chosen to test our ability to discern the

presence of multiple Symbiodinium spp. and to demonstrate

the potential flaws in analysis that would have resulted had

the presence of multiple species gone undetected.

Having established the consequences of inaccurately

delineating species prior to population-level analysis and

how differences in allelic identity (size ranges in this case)

can be used to recognize and assign individuals to species

(and in some cases partitioning mixed samples into indi-

vidual MLGs), we examine two papers recently published

in Molecular Ecology to show how patterns observed in

these studies are attributable to the presence of previously

unrecognized species. We first examined microsatellite data

from Symbiodinium associated with Acropora millepora colo-

nies living in different reef habitats published by Howells

et al. (2013). We then examined multilocus data from Sym-

biodinium occurring in the common gorgonian morphos-

pecies, Euniciea flexuosa, from the northwestern tropical

Atlantic published by Wirshing et al. (2013). In both cases,

we find strong evidence that supports a two species inter-

pretation of data that were originally analysed as coming

from a single species. We then offer more parsimonious

interpretations of these data based on this new knowledge.

Materials and methods

Forward-time and coalescence-based model for simulated data

We simulated microsatellite variation assuming (i) diver-

gence by genetic drift in reproductively isolated groups,

(ii) the appropriate allelic diversity within groups of repro-

ducing individuals based on coalescent expectations of

allele frequency and number given a population size

(Kimura and Crow 1964, Ewens 1972), (iii) linkage equilib-

rium between loci within individuals in the population

separated by at least one sex event, (iv) the occurrence of

identical genotypes arising from asexual reproduction, and

(v) multiple individuals occurring in a sample.

We created a data set that reflected the above attributes

in several steps that involved running a forward-time sim-

ulation and then permuting the allelic configurations of

individuals to reflect iii, iv and v. We used the program

RMETASIM (Strand 2002) to implement the individual-based

forward-time simulation to account for attributes i and ii.

The program simulated two asexual populations of 3000

individuals (Ne) with no genetic exchange at ten loci, repre-

senting two species. The simulation began with all individ-

uals having the same allele size at all loci. The simulation

implemented a size-step mutation model every generation

with a per locus mutation rate (l) of 4.5 9 10�4 (Whittaker

et al. 2003). The simulation ran for 6000 generations, at the

end of the simulation, 100 individuals were sampled from

each species, and MLGs were saved for these individuals

in two separate data files. Then, to transform these asexu-

ally created MLGs into MLGs expected from a sexual pop-

ulation, allele scores were then sampled with replacement

within each locus, creating MLGs in linkage equilibrium,

accomplishing iii while maintaining i and ii. We then used

Ewens sampling distribution (Ewens 1972) to give the

number of unique genotypes (U) and their respective num-

ber of occurrences (Ki) expected in a sample of 100 (n) indi-

viduals from a population of 3000 and an effective sex rate

(Se) of 0.01, that is, a population sex rate (w) of 60. The first

U individuals were retained in the MLG data file with each

individual being repeated Ki times creating a new data set

that incorporates iv while maintaining i, ii and iii. We then

pooled the resulting two data files into a single data file, as

if both ‘species’ had been sampled from the same location.

We created mixtures of individuals to account for v by

drawing from Poisson’s distribution with P = 0.7 and

merging the resulting number of individuals’ allele calls

into one line until the sum of all draws equalled the num-

ber of samples. Alleles of equal size were condensed to a

single call to reflect the way someone naive of the nature

of the mixed sample would have scored the genotype. The

frequency of unmixed samples in the final data set was

therefore 73.7% (56 of 76), the frequency of mixtures of

exactly two genotypes arising from two species was 11.8%

(9 of 76), and the remaining 14.5% (11 of 76) samples were

comprised of at least two individuals of the same species.

Finally, the species and individual designations were hid-

den from the upstream analysis so that the method would

be implemented on the samples blind of their original

designation.

Identifying species boundaries with population genetic data

We retrieved all simulated samples with a single allele size

call at all loci and placed these unambiguous MLGs into a

single data file. All samples with identical allele scores

across all loci were interpreted as asexual clones when they

occurred in the same population, and repeated clones were

removed from the data set. We then implemented a multi-

step process to determine whether more than one species

was present in the data; our general approach is outlined

in Fig. 1. We ran STRUCTURE (Pritchard et al. 2000) analysis
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of all unique individuals with a burn-in of 100 000 and

1 000 000 MCMC repetitions with no location prior, under

the no admixture model with allele frequencies uncorre-

lated. This analysis was run three times for each k-value

across a range of k-values. We followed the hierarchical

clustering of samples by increasing k-values. When the

hierarchical partitioning of data returned clusters that did

not follow geographical patterns (Fig. 1a) and the probabil-

ity of cluster assignment for each individual was high

(Fig. 1b), we retained the assignment of individuals for fur-

ther analysis. We then analysed the correlation between

allele sizes and STRUCTURE assignment across all samples

(Fig. 1c). We plotted a histogram of allele sizes for each

locus colouring histogram bars according to their majority

k = 2 cluster assignment from the STRUCTURE analysis

(e.g. Fig. 2b), a function implemented by ‘Bayes Allele.R’.
We then calculated the pairwise Bruvo distance, a genetic

distance calculation that considers both the sharing of alle-

les and the size differences between loci that are different

between individuals (Bruvo et al. 2004), between each

individual and plotted the resulting histogram, labelling

the histogram bars by comparisons made within and

between STRUCTURE-assigned clusters. When clusters corre-

sponded to differences in allele size distribution and pair-

wise Bruvo distance, the probability of assignment from

the STRUCTURE analysis was interpreted as the probability of

assignment to a species.

We then used a Bayesian model to recover MLGs from

mixed samples. Our approach uses Bayes’ theorem to

interpret the posterior probability of species assignment for

each of the k possible species given the observance of any

allele in the data set:

pðSk;xjÞ ¼ pðxjjSkÞpðSkÞ
pðxjÞ ; ðeqn 1Þ

where p(xj | Sk) is the probability of observing allele xj in

species Sk, p(Sk) is the prior probability of a MLG being

species Sk (here evaluated as the percentage of individuals

assigned to that species in the unambiguous data set) and

p(xj) is the probability of observing the allele in the
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Fig. 1 Flow chart describing the process of acquiring, parsing and analysing multilocus data from sample sets potentially containing

two or more species.
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unambiguous data set as a whole. We then evaluated the

ambiguous (i.e. mixed) MLG samples by iteratively propos-

ing all combinatorial arrangements of the mixed genotype

consistent with a single MLG and recording the probability

of each allele in the proposed species. When a single MLG

with a probability >0.95 for all alleles for a given species

could be constructed from a mixed sample, that MLG was

interpreted as a new MLG assigned to that species. When

a mixed sample returned multiple arrangements of alleles

with a probability >0.95 for a given species, that sample

was interpreted as a mixture of that species. When the

model returned MLGs with probabilities <0.95 for at least

one locus for all species, the sample was interpreted as a

mixture of indeterminable origin as the alleles in the sam-

ples were not sufficiently diverged to assign their origin.

The model could then return zero to k new MLGs for every

mixed sample evaluated.

Most of the analyses described above can be conducted

with the R script ‘Bayes Allele.R’ available at the authors’

website: www.thecoalescent.com/bayesallele. This script

will calculate the probability of assignment to clusters

given the input and output of the program STRUCTURE. The

script will then partition samples into their structure-

assigned species and provide histograms for each locus

showing the allele frequencies of samples that have been

assigned to those species. Finally, it will provide condi-

tional probability tables useful for recovering mixed

MLGs.

Symbiodinium goreaui (C1) and C3 genotyping

To empirically test our species designation approach, we

collected genetic samples of Symbiodinium goreaui (C1) from

culture (rt-152 and rt-113, The Robert K. Trench Collection)

as well as Symbiodinium goreaui (C1) and C3 from Zamami

Island, Japan (n = 32), and the Great Barrier Reef, Australia

(n = 59), which had been previously collected and identified

as Symbiodinium goreaui (C1) or C3 or mixtures of the two

species by ITS2-DGGE (LaJeunesse et al. 2003, 2004) [Gen-

Bank Accession nos AF380551 S. goreaui (C1) and AF380552

Symbiodinium C3 for ITS 1 and GU111864 S. goreaui (C1)

and GU111863 Symbiodinium C3 for ITS2]. These samples

were genotyped at six diploid microsatellite loci (SgrSpl_13,

SgrSpl_22, SgrSpl_25, SgrSpl_26, SgrSpl_30 and Sgr_40) fol-

lowing the methods described in Wham et al. (2014).

We chose these two Symbiodinium species for several rea-

sons. They are both members of Clade C, and conserved

primers amplify the same microsatellite loci (Wham et al.

2014). They also exhibit widespread geographical distribu-

tions in the western Pacific (LaJeunesse et al. 2003, 2004)
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Fig. 2 Population genetic analyses of simulated data from

homogenous and mixed genotype samples. (a) STRUCTURE plot

showing unambiguous multilocus genotypes (MLGs) that

resolve two distinct populations, blue and orange, at k = 2. The

section with black bars refers to samples with mixed geno-

types. (b) Analyses of allele frequencies at three example loci

show bimodal distributions that correspond, and are colour-

coordinated, to evolutionarily distinct populations, or species,

with obvious allelic divergence. These bimodal data are then

used to parse individual genotypes out of samples with mix-

tures of two genotypes representing each species. (c) STRUCTURE

plot presented with additional MLGs recovered from mixed

samples at k = 2. (d and e) These data are then partitioned by

species for subsequent population-level analysis that examines

for genetic structure over various spatial scales.
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where they associate with the same host species (LaJeu-

nesse et al. 2003, 2004; Ulstrup & Van Oppen 2003; van

Oppen et al. 2005; Abrego et al. 2008); yet, they appear to

have distinct ecological niches (Ulstrup & Van Oppen

2003).

Background on the Symbiodinium C3 from Howells et al.

(2013)

Howells et al. (2013) genotyped the Symbiodinium Clade C

symbionts of 401 coral tissue samples from Acropora mille-

pora. These samples originated from seven sites in the cen-

tral Great Barrier Reef ranging from 0.4 to 13 km apart. To

investigate temporal stability as well as regional connectiv-

ity, samples were gathered over a 12-year period, with

sampling occurring in 1997, 2004 and 2009. Single-strand

confirmation polymorphism (Van Oppen et al. 2005) of the

internal transcribed spacer 1 (ITS1) was used to genotype

the samples. All samples were identified using this method

as Symbiodinium C2 sensu Ulstrup & Van Oppen (2003)

hereafter referred to as C3 sensu LaJeunesse (2002). The

authors genotyped all samples with eight polymorphic

microsatellite loci (Bay et al. 2009) by fragment analysis.

Fragment analysis of these samples returned a high fre-

quency of samples with multiple peaks; the authors inter-

preted this as evidence of multiple individuals occurring in

each sample. For this reason, all of the alleles in each sam-

ple were recorded and analysed by a presence–absence
method. The resulting presence–absence matrix contained

a row for each sample (n = 401) and a column for each

allele that was observed at each locus. The matrix was pop-

ulated with 0’s and 1’s, with 1’s representing the presence

of a given allele in a sample, deposited in Dryad by How-

ells et al. under (doi:10.5061/dryad.5dh0j).

Background on the Symbiodinium B1 data from Wirshing

et al. (2013)

Wirshing et al. (2013) collected samples of Euniciea flexuosa

from fourteen sites in the Caribbean. Sampling was primar-

ily focused along the Florida reef track with nine of the

fourteen sites in the Florida Keys (six sites, n = 42–82) and
Biscayne Bay (three sites, n = 54–76). The remaining five

sites were spread between three sites in the Bocas del Toro

Province, Panama (n = 9–25); one site from Punta Cana,

Dominican Republic (n = 22); and one site in Saba Bank

(n = 12), a small island 550 km east of the Dominican

Republic. The ITS-2 region of the rDNA of the symbiont

was analysed by denaturing gradient gel electrophoresis;

all samples were determined to be Symbiodinium B1. The

authors then developed four microsatellite markers for the

host, E. flexuosa, and five microsatellite markers for the

symbiont. All samples were genotyped with these markers.

The resulting allele calls were divided into three data sets

which were deposited at Dryad (datadryad.org) by Wirsh-

ing et al. (2013) under (doi:10.5061/dryad.82 ms3). The

allele calls for Symbiodinium B1 were placed in two data

files, a presence–absence matrix (totalmatrix_structure) and

the unambiguous MLGs, samples with only one allele

scored at each locus, (singlehaps_structure). The presence–
absence matrix contains a row for each sample (n = 610)

and a column for each allele that was observed at each

locus. The matrix was populated with 0’s and 1’s, with 1’s

representing the presence of a given allele in a sample. The

rows of totalmatrix_structure were not labelled with the

alleles they corresponded to; we assigned rows to allele

sizes by a process described later in Assigning Allele Sizes to

data from Wirshing et al. (2013). Samples that contained only

one allele call per locus (n = 326 or 53% of all samples) were

also placed into a second data set with their allele sizes at

each locus.

Assigning Allele Sizes to data from Wirshing et al. (2013)

The data file totalmatrix_structure did not have the rows

labelled with the allele size. To retrieve the allele sizes for

these rows, we cross-referenced the size calls made in the

singlehaps_structure file with their presence–absence calls

in totalmatrix_structure. This allowed us to label all allele

sizes that appeared in the presence–absence matrix that

also appeared in the MLG data set. Several rare alleles (al-

leles that did not appear in the 326 individual single-

haps_structure MLG data set) in the presence–absence
matrix could not be labelled in this way because they only

appeared in mixed samples. Samples with these rare alleles

were removed from our allele size analysis as their size

was unknown to us.

Results

Simulated data

The simulated data set contained a total of 76 samples, and

of these samples, 56 samples contained a single allele call

at all ten loci. The identity of these 56 samples was then

evaluated to remove clones resulting in 33 unique geno-

types and 23 repeated clones. We performed STRUCTURE

analysis on these 33 unique genotypes, at k = 2, we

observed clusters with high per-individual probability of

assignment, and the Evanno method returned k = 2 as the

most likely value for k (Fig. 2a). Under a single species

hypothesis, these data are expected to form a single cluster;

the STRUCTURE analysis, however, returned high assignment

probabilities for individuals at k = 2, so the assignment

probability for individuals was retained for allele size and

Bruvo distance analysis. We therefore made a histogram of

allele sizes coloured by cluster assignment (Fig. 2b).

Accepting the cluster assignments from the STRUCTURE

analysis as the probabilities of assignment for each individ-

ual to each species, we then allocated the mixed samples to

species and individual assignments when a single unam-

biguous MLG could be composed from a mixed sample

that had >95% probability of membership to one of the

two species based on the conditional probability of species

assignment of alleles (Fig. 2c). Through this process, we

recovered an additional 23 unambiguous MLGs, 11 of these

© 2016 John Wiley & Sons Ltd
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MLGs were new unique genotypes and, with their inclu-

sion, increased the sample size of MLGs in the full data set

to 44, a 25% increase. When these assignments were com-

pared to the original data file, we found that all species

assignments agreed with the actual species designations

and that all MLGs inferred from parsing mixed samples

reflected the actual MLG of the underlying samples. An

additional STRUCTURE analysis with the newly partitioned

mixed samples showed a high probability of membership

of recovered genotypes to their respective species clusters

with no evidence of structure at higher k-values within

each group (Fig. 2d,e).

Pacific populations of Symbiodinium goreaui (C1) and C3

A total of 78 samples were scored that had been previously

identified as Symbiodinium goreaui (C1), C3 or mixtures of

both species. The resulting data set contained 65 samples

(53 samples of S. goreaui (C1) and 12 samples of C3) with

unambiguous multilocus genotypes and 13 mixed samples.

STRUCTURE analysis was performed on these 65 samples

which returned high probability of assignment for all sam-

ples at k = 2, the k-value selected by the Evanno method as

the most likely k-value (Fig. 3a). These assignments did not

follow geographical partitions; rather, the assignment of

samples to clusters matched their ITS2 sequences observed

in DGGE rDNA fingerprinting analyses. The correlation

between structure assignment and allele sizes was then

evaluated which showed a strong relationship between

allele size distributions and structure assignment (Figs 3a

and S2). Mixed samples were then allocated to species

assignments when a single unambiguous MLG could be

composed from a mixed sample that had >95% probability

of membership to one of the two species based on the con-

ditional probability of species assignment of alleles. These

newly recovered MLGs were then added to the data set

and showed allele size and composition similar to the

unambiguous MLGs from the nonmixed samples (Fig. 3b).

We then performed STRUCTURE analysis on these two species

separately and selected k = 1 as the most likely k-value for

both species (Fig. 3b) as we only observed marginal

increases in the likelihood at higher k-values.

Analysis of data from Howells et al. (2013)

The Symbiodinium C3 (sub-Clade C2 sensu van Oppen et al.

2001) data from eight loci (n = 401) contained zero samples

that could be interpreted as unambiguous haploid geno-

types. In our analysis, we interpreted these data as arising

from diploid individuals, consistent with the observations

of Wham et al. (2014) and the interpretations of population

genetic data from other related Clade C Symbiodinium by

Thornhill et al. (2014) and with the genotypes of the mono-

clonal Clade C cultures examined in the this study (Fig. 3).

Even under this interpretation, unambiguous MLGs could

not be interpreted from the raw data as more than two

alleles were observed at most loci. This pattern, however,

was not consistent across all loci. Locus C1.05 and C3.02

returned 1.94 and 2.04 alleles per sample, respectively,

while the other six loci averaged 2.97 alleles per sample.

Because our model for partitioning samples that comprise

mixed species requires at least a few individuals of each

species appearing as unambiguous MLGs in the data set,

we were unable to proceed with STRUCTURE analysis and

subsequent division of mixed samples. We, however, con-

tinued with our analytical approach by plotting a his-

togram of the allele size distributions observed by Howells

et al. (2013) (Fig. 4), assuming that the presence of a second

species could be evaluated by the continuity of allele sizes.

In all six loci that contained a high frequency of alleles per

sample, we also observed discontinuous allele sizes

(Fig. 4). We then noted the minimum allele size for each

locus by subtracting the entire repetitive section of each

locus from the reference sequence on GenBank (GenBank

GQ254810-16). In several cases, the discontinuous allele

sizes span a range that was less than the size that would

be expected if the entire repeat region was lost.

Patterns found in the reanalysis of data from Wirshing et al.

(2013)

The data from Symbiodinium B1 (n = 326) had already been

separated from mixed samples (n = 610) in the file ‘single-

haps_structure’. We then removed individuals with more

than one missing allele prior to further analysis reducing

the total number from 326 to 271 samples. We observed

the greatest likelihood value for the data at k = 6, similar
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rt
-1

52
rt

-1
13

Fig. 3 Analysis of multilocus genotypes (MLGs) from two Sym-

biodinium species lineages that can co-occur in animals from

the Great Barrier Reef and Zamami Island, Japan, in the Oki-

nawa archipelago. The MLGs of Symbiodinium goreaui (C1),

blue, and C3, yellow, are well resolved from each other in

STRUCTURE plot at k = 2. Several additional MLGs were obtained

from corals with mixed populations comprising one genotype

from each species by relying on the secondary analysis of rela-

tive allele frequencies diagnostic for each species (see Fig. 1

and text for explanation). These later analyses increased the

proportion of MLGs for each species, which could then be

used for independent population genetic analyses.
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Fig. 4 Histograms for allele size distribu-

tions from data generated by Howells

et al. (2013). Allele size histograms based

on the presence–absence of allele calls

recorded for all samples of Acropora

millepora on the Great Barrier Reef

(n = 401). The bimodal distribution evi-

dent for several loci which indicates the

existence of two genetically distinct Sym-

biodinium spp. in their data set. A few

loci (indicated by an asterisk) appear to

only successfully amplify one species

based on the lower number of allele calls

over the same number of samples (1.94

and 2.04 alleles per sample compared to

an average of 2.97 alleles per sample

across all other loci). Also note that two

loci contained allele sizes that theoreti-

cally could not occur at the locus based

on the minimum size calculated after

removing the repeat motif (dark grey

shading).
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to Wirshing et al. (2013) who identified k = 7 (Fig. 5a).

However, the most significant change in likelihood and the

k-value suggested by the Evanno method was k = 2

(Fig. 5a). When we removed all repeated genotypes within

a sample site, allowing identical MLGs across sites, genetic

data were again partitioned into two clusters (Fig. 5b). Like

Wirshing et al. (2013), we detected a nonhierarchical pat-

tern of clustering as k-values increased (Fig. 5a,b, also see

Wirshing et al. 2013 Fig. S1a), that is, the clusters did not

follow the geographical partitioning of the samples. This

nonhierarchical clustering was first seen at k = 2 and sup-

ported by the Evanno method as the most significant dif-

ference in data likelihood between successive k-values. In a

histogram of allele sizes based on individuals assigned to

one of the two genetic clusters, all five loci showed differ-

ences in allele sizes corresponding to clusters 1 (yellow)

and 2 (blue), respectively (Fig. 6). As expected by the

stochastic process of neutral genetic drift, some loci had

more pronounced differences in size range differences than

others. The difference in average allele size between sam-

ples assigned to the two clusters ranged from 20 bases to

75 bases with allele size differences present in all five loci

(Fig. 6). We also made a histogram of pairwise Bruvo dis-

tances between samples (Fig. 7a) and a hierarchical cluster-

ing network of pairwise Bruvo distances (Fig. 7b) to

investigate the relationship between allele sizes at all five

loci and the STRUCTURE-assigned cluster of each sample. We

then partitioned individual assignments representing each

species from mixed samples. We recovered an additional

46 unambiguous MLGs, and 27 of these MLGs were new

unique genotypes. These 27 new MLGs comprised of 11

MLGs assigned to cluster 1 and 16 MLGs assigned to clus-

ter 2 (Fig. 5c).

After allocating samples to individual and cluster desig-

nations, we examined the degree of genetic structure across

sampling locations within each cluster separately. Using

the Evanno method applied to the results of the program

STRUCTURE, the most likely clustering of the two species was

k = 2 for cluster 1 and k = 1 for cluster 2 (Fig. 5c). While

the Evanno method suggested k = 2 as the most likely k-

value for cluster 1, the clustering of individuals into these

two groups did not strongly follow geographical partitions

nor did the cluster assignment correlate with allele size dif-

ferences (e.g. Fig. 6).

Discussion

Population genetics offer valuable tools for estimating

migration rates and connectivity among populations,

including eukaryotic microbes. However, errors of interpre-

tation can arise when unrecognized species occur in data

sets and go undetected prior to downstream statistical

analyses (Pante et al. 2015). Genetic differentiation may

occur independent of morphological differences. Therefore,

when using population genetic approaches, it is important

that individual samples be correctly resolved into species

whose populations share the potential for reproductive

genetic exchange.

We reason that multilocus genotype (MLG) data, espe-

cially among taxonomically problematic organisms, can be

used to directly test for patterns of sexual reproduction

between co-occurring (sympatric) individuals obtained

from one, or several, locations. In cases of closely related

species, population-level allelic data can be used to exam-

ine reproductive isolation between populations in sympa-

try based on linkage disequilibrium and heterozygote

deficiencies (Hebert et al. 2003, 2004; DeSalle et al. 2005;

Pereyra et al. 2009). Moreover, in situations where mor-

phology and traditional genetic techniques produced dis-

cordant (Pinzon & LaJeunesse 2011; Pinz�on et al. 2013), or

ambiguous, results (Ross et al. 2009; Ladner & Palumbi

2012; LaJeunesse et al. 2014; Thornhill et al. 2014), this

method offers the best evidence for delimiting distinct bio-

logical entities because sexual reproduction is the funda-

mental component of most species concepts in eukaryotes

(Mayr 1942, 1995; Mallet 1995; Coyne & Orr 2004; De

Queiroz 2005).

Our simulation of the divergence between two popula-

tions shows how allele sizes and frequencies become

highly distinct for isolated populations over evolutionary

time (Fig. 2). These artificial data illustrate how the genetic

isolation of sympatric populations has, over time, an

observable signature of genetic divergence. Subsequent

analysis of dispersal and genetic connectivity could only be

correctly conducted when this pattern was recognized and

individuals were partitioned into their respective species

(Fig. 2d,e).

The effectiveness of this method depends in part on suf-

ficient divergence of allele frequencies between reproduc-

tively isolated groups (Fig. 2b). Below, we discuss several

case studies, one new and two recently published data sets,

where we have applied this screening to more accurately

analyse and interpret findings and then discuss the dispar-

ity in old vs. new conclusions created by each reanalysis.

Population genetics of S. goreaui (C1) and Symbiodinium C3

(Pacific)

Having demonstrated through simulations the expected

patterns in data that contain two species in sympatry, we

presumed that similar patterns would be observable in

microsatellite data generated from samples that comprised

two species of Symbiodinium. While only two described spe-

cies exist for Clade C, Symbiodinium goreaui (Trench & Blank

1987) and S. thermophilum (Hume et al. 2015), there is con-

siderable phylogenetic and ecological evidence that points

to the existence of numerous species within this group

(Sampayo et al. 2009; Thornhill et al. 2014). Albeit small,

fixed differences in rDNA sequence differentiate Symbio-

dinium goreaui (C1) from Symbiodinium C3 where they co-

occur in the Pacific. Analysis of microsatellite evidence veri-

fies that no genetic exchange occurs between them (Fig. 2),

and hence, they are separate species (LaJeunesse et al. 2003;

Thornhill et al. 2014), with clear ecological (LaJeunesse et al.

2003, 2004) and physiological differences (Berkelmans and

van Oppen 2006; Abrego et al. 2008).

© 2016 John Wiley & Sons Ltd
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Consistent with the estimations of evolutionary diver-

gence (Thornhill et al. 2014), our analysis of MLGs from

S. goreaui and C3 (Pacific) showed that the microsatellite

allele size ranges for each lineage were significantly differ-

ent (Fig. S2; for several samples where mixtures existed,

we were able to separate distinct MLGs representative of

each species). If population genetic data from these two

species were mistakenly combined, this would significantly

affect FST summary statistics (used to make inferences

about gene flow). Indeed, changes in the relative frequency

of each species would produce significant differences in

statistical calculations. For example, C3 was sampled more

often in Japan than in Australia (Fig. 3). This difference in

relative abundance results in an FST estimate of 0.242

(P = 0.001) between Japan and Australia. However, when

data are correctly partitioned, FST values are relatively low

for S. goreaui (0.063, P = 0.001) and statistically insignificant

for Symbiodinium C3 (0.021, P = 0.142). While one analysis

suggests very strong genetic structure, the correct analysis

indicates a higher degree of connectivity between two dis-

tant locations (Fig. 3).

Genetic structure at scales of 1–10 Kms in Symbiodinium

One of the primary findings of Howells et al. (2013) was

that 19% of the total genetic variation among Symbiodinium
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Fig. 5 The partitioning and reanalysis of microsatellite data from Wirshing et al. (2013). (a) STRUCTURE plots (k = 6, similar to results

published previously by Wirshing et al. (2013), and the optimal k = 2) of microsatellite data for Symbiodinium obtained from the west

tropical Atlantic gorgonian, Eunicea flexuosa, and a cryptic sibling species. k = 2 indicates the existence of two Symbiodinium species

(blue and yellow) that co-occur at several locations where host populations were sampled. These likely correspond to the high-light-

and low-light-adapted lineages proposed by Prada et al. (2014). (b) STRUCTURE analysis of data that were processed further by the

removal of duplicated genotypes found at each location and the recovery of additional genotypes from mixed samples by parsing

alleles into distinct genotypes [after the analysis of allele frequency distributions (see Fig. 4)], which correspond to each species. (c)

Bayesian analysis of the multilocus genotypes from the most common species of Symbiodinium resolves weak population genetic

structuring, but support for this is limited by the number of loci assessed and number of genotypes available from each location.

Cluster assignments for individual genotypes at k-values of 1 and 2 are shown. (d) Analyses of the second and rarer species indicate

the possibility of a second genetically distinct entity, yet this dichotomy appears to be driven by the presence of allele 180 at locus

Sym211 in some individuals. Additional k-values show no further genetic structuring for this species.
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found in Acropora millepora populations was explained by

the site of sample collection. The windward or leeward

sides of islands had a greater effect on the clustering popu-

lations of Symbiodinium in Acropora millepora than geo-

graphical proximity (Howells et al. 2013). This was

interpreted as evidence of significant genetic structure

occurring in Symbiodinium over relatively small distances.

The authors concluded that this genetic structure was due

to limited dispersal ability, or ‘limited oceanographic trans-

port’. They also observed a very high frequency of samples

with multiple alleles, which were interpreted as arising

from a mixed population of individuals of the same sym-

biont species in each sample. With this assumption, the

authors justified that their data could not be integrated into

subsequent genetic analyses.

Our reanalyses of these data indicate that the co-

occurrence of two species, rather than mixed individuals of

the same species, explains the high frequency of alleles per

sample. Indeed, most loci (6 of 8) contained bimodal allele

size distributions similar to those observed in the simu-

lated data and the data presented from S. goreaui (C1) and

Symbiodinium C3 (Fig. 4). In several cases, allele sizes are

too small to be explained by the loss of the microsatellite

repeat motif alone, indicating major alterations (sequence

deletions) occurred in the flanking regions (e.g. allele sizes

between 131 and 149 at locus C1.07). The bimodal

distribution of allele sizes across most loci indicates that

allele calls from a second distinct species and/or the prod-

ucts of nonspecific binding (false alleles scored from non-

specific PCR products) occur in this data set.

The two loci (C1.05 and C3.02) that do not show a bimo-

dal distribution have a significantly lower number of alle-

les per sample (1.94 and 2.04 alleles per sample,

respectively) than the other six loci (averaging 2.97 alleles

per sample). Indeed, 87% (348 of 401) of the samples could

be interpreted as unambiguous MLGs at these two loci,

suggesting that they arise not only from a single species

but also from a single genotype of that species in most

cases. We believe the markers for these loci are specific to

their target species, unable to amplify the second species.

Using the number of alleles observed per sample at these

loci compared to the number of alleles observed per sam-

ple in the other six loci to extrapolate, approximately 27%

of the data set may have arisen from a second species.

When multiple species are erroneously counted as one

genetically cohesive entity, differences in the relative fre-

quencies of each species collected at each location alone

can explain patterns of genetic structure over extremely

small distances (see previous discussion of S. goreaui (C1)

and Symbiodinium C3). With the recognition that there are

at least two species of Symbiodinium represented in their

data sets, the genetic structure observed between locations
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is better explained by differences in the relative propor-

tions of each species collected rather than barriers to dis-

persal, the lack of gene flow or selection (local adaptation).

The reinterpretation that species with distinct niches are

more prevalent in some environments and less common in

others dramatically changes the results and interpretations

of the population genetic analyses and hence the conclu-

sions of Howells et al. (2013).

Vectored dispersal from Panama to Florida

The existence of a second unrecognized species appears to

have confounded the analyses, interpretations, and conclu-

sions presented by Wirshing et al. (2013). From their analy-

ses, the authors hypothesized that symbionts from Panama

had been recently introduced (vectored) into host popula-

tions living in the Florida Keys. However, the recent find-

ings of Prada et al. (2014) identified two phylogenetically

distinct lineages of Symbiodinium one of which associated

specifically with a newly recognized sibling species of

Eunicia flexuosa. This cryptic species, which is easily con-

fused with E. flexiosa, is generally found in low-light habi-

tats corresponding with greater water depths or in

environments with high water turbidity such as Panama

(Prada & Hellberg 2013). Indeed, when the allele calls from

published raw data were analysed here, gaps in allele size

ranges were discovered at most loci, indicating that the

sample set comprised separate symbiont species with dis-

tinct gene pools (Fig. 6), further substantiating the exis-

tence of a second Symbiodinium species as suggested by

Prada et al. (2014). Members of each species, however, pos-

sess the same intragenomically dominant ITS2 sequence

(sequence B1). This could explain why data from Wirshing

et al. (2013) were originally analysed as a single species.

This alternative explanation accounts for why k = 2 best

describes the number of populations to which these data
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Fig. 7 Summation of allele divergence at

all microsatellite loci for two putative

species lineages not recognized by Wir-

shing et al. (2013), but proposed by Prada

et al. (2014) predicated on their finding of

DNA sequence divergence. (a) A neigh-

bour-joining tree based on Bruvo dis-

tance comparisons shows a large break

in genetic distance between species lin-

eages and (b) a histogram of pairwise

Bruvo distance showing intraspecific

variation (black) is less than interspecific

variation (grey). Identical clones are indi-

cated by the white bar.
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are partitioned (based on the DK method; Evanno et al.

2005). Locations that comprised mostly one species are the

locations where Wirshing et al. (2013) observed linkage

equilibrium. Consequently, significant values of disequilib-

rium were reported in populations with both species pre-

sent. This linkage disequilibrium was significantly reduced

when Wirshing et al. (2013) divided samples into separate

populations which, as we suggest here, had the effect of

separating samples into species (Fig. 5). Finally, the five

‘vectored individuals’ from Panama to the Florida Keys

belong to the low-light-adapted Symbiodinium sp. (Prada

et al. 2014). This second species was sampled more rarely,

but nevertheless occurred at most Caribbean locations

(Fig. 5b). Our genetic analysis on the populations of each

species shows further, albeit weak, genetic structuring

(Fig. 5c). This additional genetic structuring within each

species appears to have contributed to the k = 7 adopted

by Wirshing et al. (2013). Analysing these data at k = 7,

however, may have obscured the relationship between the

five individuals Wirshing et al. (2013) focused on and the

numerous other closely related individuals in the data set

that we here interpret as a separate species (Fig. 5b,c).

When population genetic data have limitations

The recognition of species boundaries depends on suffi-

cient divergence of allele frequencies between reproduc-

tively isolated groups (Fig. 1b). In our simulated example,

as well as the examples from empirical data sets, large dif-

ferences were observed in allele frequencies. This resulted

in allele size ranges that were diagnostic of each species.

However, this method is effective in recognizing less

diverged groups that even share allele sizes at different fre-

quencies, as in the Symbiodinium Clade D species described

by LaJeunesse et al. (2014). It is worth noting, however,

that the likelihood of type II error (i.e. failing to recognize

two reproductively isolated units) goes up as the degree of

genetic divergence goes down; the approach may also be

prone to type II error when there are very few individuals

of the second species in the data set. This can be addressed

by including additional samples and/or additional loci if

researchers suspect that a second species is present.

The approach outlined in Fig. 1 is less prone to type I

error (i.e. resolving two species that are actually just one

species). Following the outline of analysis in Fig. 1, a data

set could be recognized as arising from a single species in

one of the following ways: (i) at k = 2, the existence of low

or split assignment probabilities among individuals in each

cluster, or (ii) the assignment probabilities for individuals

in each cluster are high, but there is no difference in allele

identity between clusters. Finally, there could be a single

species with population structure, in which case there

would be high cluster assignment probabilities for individ-

uals and allele identities might correspond to these clus-

ters. The clusters, however, would also correspond to

sample locations (Fig. 1a). In this case, other lines of evi-

dence must be used to decide whether these groups are

populations of the same species or different species.

The ability to resolve MLGs from mixed species samples

also depends on the degree of divergence. As the degree of

genetic divergence goes down, there is less certainty in the

assignment of alleles at each locus to a single species

resulting in a higher rate of type II error (i.e. failing to

recover an MLG in mixed sample). Conversely, the rate of

type I error (i.e. accepting a new MLG that is actually a

mixture of individuals) is relatively insensitive to the

degree of divergence, being primarily related to the fre-

quency of mixtures of the same species and errors in geno-

typing. Researchers should note that the inclusion of

additional, real MLGs only marginally improves the infer-

ences that can be made, but the inclusion of false MLGs

could cause spurious conclusions. It is for this reason our

approach is designed to favour type II errors over type I

errors. That is, we favour leaving out MLGs from mixed

samples over including them when there is uncertainty.

Best practices in the analysis of population genetic data from

Symbiodinium

During the analysis of population genetic data from Sym-

biodinium, we discourage retaining all allele calls and then

analysing presence/absence of alleles within populations

(e.g. Howells et al. 2009, 2013; Wirshing et al. 2013). While

this method may seem conservative in that it retains all

data, it presumes that all alleles belong to the same gene

pool. For this reason, community-level processes (mixtures

of species affected by environmental conditions) cannot be

resolved from population-level processes (dispersal, genetic

connectivity, selection). Relying on unambiguous MLG

data increases statistical power and allows for the use of

the Hardy–Weinberg and linkage equilibrium models in

population genetic analyses. This is still preferable despite

the loss of samples with mixtures of genotypes that cannot

be partitioned into distinct MLGs, which ranges as much

as 50% but is typically between 10% and 20% of the raw

data set.

Conclusion

Through our analyses, we show that observing the occur-

rence of highly structured gene pools in sympatry should

be interpreted as arising from reproductively isolated pop-

ulations where individuals reproduce within their species

to the exclusion of the other, the central concept of species

under the biological species concept (Mayr 1942, 1995). As

we have shown, this pattern can be used to recognize spe-

cies in data sets even when phylogenetic markers may fail

to adequately resolve them. The availability of population

genetic data for Symbiodinium presents opportunities to

investigate barriers to dispersal, clues to whether popula-

tions have undergone genetic bottlenecks because of severe

selection or recent introductions to new locations and suffi-

cient evidence to recognize the existence of reproductive

isolation. Applied correctly, these data will help to expand

our knowledge of Symbiodinium ecology and evolution.

Moreover, when combined with phylogenetic and
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ecological data, population genetic markers offer a promis-

ing means of defining morphologically cryptic species of

microbial eukaryote (LaJeunesse et al. 2014).
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