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Population genetic studies of symbiotic anthozoans have been historically challenging because their endosymbioses with
dinoflagellates have impeded marker development. Genomic approaches like reduced representation sequencing alleviate marker
development issues but produce anonymous loci, and without a reference genome, it is unknown which organism is contributing
to the observed patterns. Alternative methods such as bait-capture sequencing targeting Ultra-Conserved Elements are now
possible but costly. Thus, RADseq remains attractive, but how useful are these methods for symbiotic anthozoan taxa without a
reference genome to separate anthozoan from algal sequences? We explore this through a case-study using a double-digest
RADseq dataset for the sea anemone Bartholomea annulata. We assembled a holobiont dataset (3854 loci) for 101 individuals, then
used a reference genome to create an aposymbiotic dataset (1402 loci). For both datasets, we investigated population structure
and used coalescent simulations to estimate demography and population parameters. We demonstrate complete overlap in the
spatial patterns of genetic diversity, demographic histories, and population parameter estimates for holobiont and aposymbiotic
datasets. We hypothesize that the unique combination of anthozoan biology, diversity of the endosymbionts, and the manner in
which assembly programs identify orthologous loci alleviates the need for reference genomes in some circumstances. We explore
this hypothesis by assembling an additional 21 datasets using the assembly programs pyRAD and Stacks. We conclude that RADseq

methods are more tractable for symbiotic anthozoans without reference genomes than previously realized.

Heredity (2022) 128:338-351; https://doi.org/10.1038/s41437-022-00531-3

INTRODUCTION

The study of intraspecific genetic diversity across broad geo-
graphic space (i.e., population genetics and phylogeography) can
shed light on the historical and contemporary processes
responsible for the generation and maintenance of biodiversity
within species and ecosystems (Arbogast 2001; Avise 2009;
Knowles 2009; Avise et al. 2016). Intraspecific genetic surveys
demarcate barriers and avenues of dispersal, identify cryptic
species, and, with increasing dataset sizes and statistical
approaches, estimate important demographic parameters such
as effective population size, divergence time, migration rates, and
historical changes in population size among others (e.g., Knowles
2009; Carstens et al. 2013; Pelletier and Carstens 2014; Pante et al.
2015; Avise et al. 2016; Smith et al. 2017).

Although population genetics and phylogeography have a long
history in marine systems (e.g., Reeb and Avise 1990; Bowen et al.
1992, 1994), cnidarians in the class Anthozoa (i.e., stony corals, sea
anemones, soft corals, zoanthids, and corallimorpharians), which
form the backbone of coral reefs and a major component of its
biodiversity, have been historically challenging to work with at the
population genetic level. In addition to large range sizes and the
logistical difficulties of sampling underwater, mitochondrial DNA
barcodes (mtDNA), the molecular marker of choice for metazoan

population genetic studies since the advent of Sanger sequencing,
evolve too slowly in most anthozoans to be useful for intraspecific
studies (e.g., Shearer et al. 2002; Daly et al. 2010; Allio et al. 2017).
Further, the overwhelming majority of tropical anthozoans found
on coral reefs form endosymbioses with photosynthetic dino-
flagellates in the family Symbiodinaceae, which allows these
animals to thrive in oligotrophic habitats (Muscatine et al. 1981;
Rowan and Powers 1991; Gates and Edmunds 1999; Baker 2003;
Santos 2016). In field-collected samples, contamination from
symbiodiniaceans is unavoidable and resulting DNA extractions
harbor a mix of anthozoan, dinoflagellate, and other microorgan-
ism DNA (termed “holobiont” DNA). The combination of slowly
evolving mtDNA and dinoflagellate contamination complicated
the development of molecular markers suitable for population
level questions (Shearer et al. 2005). Until the recent development
of bait-capture probes targeting Ultra Conserved Element (UCE)
and exon loci were developed for Anthozoa (Quattrini et al. 2018;
Cowman et al. 2020; Erickson et al. 2020; McFadden et al. 2021), no
universal molecular markers suitable for shallow evolutionary
questions existed, although their development had remained a
goal (e.g., Reitzel et al. 2013; Brugler et al. 2018). Thus, most
intraspecific genetic studies of tropical anthozoans relied on
species-specific microsatellite loci to make population-level
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inferences (e.g., Baums et al. 2005, Andras et al. 2013; Foster et al.
2012; Rippe et al. 2017; Titus et al. 2017a; Nakabayashi et al. 2019).

At present, bait-capture sequencing remains expensive and
only recently tested at the population level for anthozoans
(Erickson et al. 2020; Glon et al. 2021; Grinblat et al. 2021). Species-
specific microsatellite markers remain logistically burdensome to
develop and provide fewer independent loci. An alternative
approach is reduced representation sequencing (e.g., RADseq,
ddRADseq, GBS, 2bRAD, ezRAD), which can generate data from
thousands of single nucleotide polymorphisms (SNPs) and
unlinked loci, and provide genome-scale data for non-model
organisms, alleviating many of the issues with marker develop-
ment that have stunted the study of anthozoans and other marine
invertebrates (reviewed by Reitzel et al. 2013). In other systems,
RADseq approaches have been particularly powerful at the
population level, allowing for greater statistical and explanatory
power into complex evolutionary and demographic histories (e.g.,
Carstens et al. 2012; Excoffier et al. 2013; McCormack et al. 2013).
However, marine scientists studying symbiotic anthozoans must
still contend with symbiodiniacean contamination in genomic
sequence data because there are no simple or reliable ways to
completely separate symbiont and host DNA before sequencing.
Post-sequencing bioinformatic approaches are the most acces-
sible avenue to separate symbiont from host DNA sequences and
create anthozoan-only datasets, but these create additional
hurdles that are functionally insurmountable for most taxa.

For population genetic studies using transcriptomic
approaches, anthozoan and dinoflagellate DNA can be parsed
bioinformatically with relative ease, as the assembled transcripts
are long and conserved enough to map to published genomic
resources (e.g., Davies et al. 2016; Kenkel and Matz 2017; Kenkel
et al. 2018). However, the reduced representation sequencing
approaches most commonly used in population-level studies
produce short (50-100 bp), anonymous loci that are expected to
be recovered largely from non-coding regions. Currently available
anthozoan reference genomes are thus of limited use to separate
dinoflagellate from anthozoan loci bioinformatically unless the
reference species is closely related to the focal taxa (e.g.
congeneric, conspecific). Likewise, the currently available genomic
resources for Symbiodinaceae also are of limited use for
subtracting symbiont sequences from reduced representation
datasets because of the genetic diversity within its members: long
considered to belong to a single genus (Symbiodinium), these
photosymbiotic dinoflagellates are now recognized to represent
7-15 genus-level lineages (Laleunesse et al. 2018). Diversification
within Symbiodinaceae began in the mid-Jurassic (~165 mya) and
genetic distances between many genera are on par with order-
level divergences in other dinoflagellate taxa (Rowan and Powers
1992; Santos 2016; Laleunesse et al. 2018). Thus, like anthozoan
reference genomes, any symbiodiniacean reference genome used
to disambiguate endosymbiont and host DNA would also need to
be very closely related to the specific dinoflagellate found within
the focal anthozoan species to effectively identify dinoflagellate
sequences within reduced representation datasets.

These issues have long been recognized, and researchers
employing reduced representation sequencing approaches for
symbiotic anthozoans that do not have access to conspecific
reference genomes have gone to great lengths to eliminate
endosymbionts from their resulting datasets. Some have mapped
anonymous loci to conspecific or congeneric transcriptomes and
used only the resulting protein-coding datasets for interspecific
phylogenetic reconstruction and hybridization studies among
closely related taxa (Combosh and Vollmer 2015; Forsman 2017;
Johnston et al. 2017; Iguchi et al. 2019). Bongearts et al. (2017)
used pre- and post-sequencing methods and employed a
subtraction library approach, spinning down homogenized tissue
in an effort to remove dinoflagellate cells prior to DNA extraction
and creating a separate reduced representation dinoflagellate
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reference library. Porro et al. (2020) compared the total yield of
RADseq loci and genetic clustering results from symbiont free
epidermal tissue with symbiont-rich tentacle tissue in the
snakelocks anemone Anemonia viridis. Others, such as Leydet
et al. (2018), targeted anthozoan RADseq loci by including a
congeneric, aposymbiotic, species in their library prep and
sequencing to act as a de facto reference library. Regardless of
approach, each of these studies recognized the importance of
removing symbiodiniacean sequences from their reduced repre-
sentation datasets, acknowledging that successful interpretation
of patterns or population parameters requires knowing the extent
to which each organism is contributing to the observed patterns.

While contamination represents a problem in theory, in
practice, it remains unclear how important it is to account for
and remove 100% of endosymbiotic dinoflagellate loci from
reduced representation datasets. Are reference genomes or other
complicated pre- and post-sequencing approaches always
required to obtain anthozoan-only datasets that lead to robust
population genomic inferences? We explore this question through
a case study of previously published double-digest restriction-site
associated DNA (ddRADseq) sequence data for the corkscrew sea
anemone Bartholomea annulata (see Titus et al. 2019a), a common
and ecologically important member of coral reef communities
throughout the Tropical Western Atlantic (Huebner and Chadwick
2012; O'Reilly and Chadwick 2017, O'Reilly et al. 2018; Titus and
Daly 2017; Titus et al. 2017a, 2017b, 2017c). Similar to what had
been done for coral species with reference genomes (Shinzato
et al. 2011, 2015; Devlin-Durante and Baums 2017; Drury et al.
2017; Rosser et al. 2017; Cunning et al. 2018; van Oppen et al.
2018), Titus et al. (2019a) used the genome of the sea anemone
Exaiptasia diaphana (formerly Aiptasia pallida; see Grajales and
Rodriguez 2014; Baumgarten et al. 2015; ICZN 2017), a closely
related species from the same family (Aiptasiidae; see Grajales and
Rodriguez 2016), to create an aposymbiotic ddRADseq dataset.
Here we explore the necessity and impact of screening reads from
photosymbionts by comparing the aposymbiotic population-level
data of Titus et al. (2019a) with the raw, unfiltered, holobiont
ddRADseq data from which it was derived. We compare the spatial
genetic structure of the aposymbiotic and holobiont datasets
throughout the region and use coalescent simulation and model
selection to understand whether the two datasets can be
interpreted as having the same demographic histories and
parameter estimates (i.e., effective population size, migration rate,
divergence times). We discuss the alternative population genomic
reconstructions and their implications for future studies on
symbiotic anthozoans.

METHODS

Dataset assembly

We obtained raw ddRAD sequence data, produced by Titus et al. (2019a),
from NCBI Sequence Read Archive (SRA) BioProject ID PRINA542967. These
data represent 123 individuals of Bartholomea annulata collected
throughout their known geographic range in the Tropical Western Atlantic,
and from localities separated by known phylogeographic barriers (Fig. 1a;
Supplementary Tables S1 and S2; reviewed by DeBiasse et al. 2016).
Sample collection, processing, ddRADseq library preparation, and sequen-
cing are detailed by Titus et al. (2019a) and are broadly representative of
other ddRADseq protocols used for anthozoans, including the use of
enzymes (Psti-HF and EcoRI-HF), size selection (400-800 bp), sequencing
platform (lllumina HiSeq 2500), PCR cycles (18 cycles), maximum number
of shared polymorphic sites in a locus to detect potential paralogs
(max_shared_Hs_locus =0.5), and sequence length (single-end 100 bp
sequencing). Demultiplexed raw sequence data were downloaded from
NCBI and assembled de novo using the program pyRAD v3.0.66 (Eaton
2014) because of its broad flexibility to adjust parameter settings and
ability to handle indels. Briefly, we set the clustering threshold (Wclust) to
0.90 to assemble reads into loci and required a minimum coverage depth
of seven to call a locus (Mindepth). We required a locus to be present in
75% of all individuals, allowing some missing data in our final dataset.
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Fig. 1 Sample localities and genetic cluster plots for the corkscrew sea anemone Bartholomea annulata. A Map of sampling localities
throughout the Tropical Western Atlantic. PA Bocas del Toro, Panama, CC Cayos Cochinos, Honduras, UT Utila, Honduras, MX Mahahual,
Mexico, FT Ft. Lauderdale, Florida, UK Upper Keys, Florida, MK Middle Keys, Florida, LK Lower Keys, Florida, BH Eleuthera, Bahamas, SAN San
Salvador, Bahamas, ST St. Thomas, US Virgin Islands, BR Barbados, CU Curacao, BD Bermuda. Red dashed lines denote previously recovered
major phylogeographic breaks in the region. B Genetic clustering results (K= 2) for the aposymbiotic Bartholomea annulata RADseq dataset.
C Genetic clustering results (K=2) for the holobiont Bartholomea annulata RADseq dataset. D Genetic clustering results (K=2) for the
unmapped Bartholomea annulata RADseq dataset. Similarity metric calculated by pong represents the average pairwise percentage of
individuals with identical cluster assignment probabilities across aposymbiotic, holobiont, and unmapped datasets.
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Finally, individuals with low sequencing coverage (<500,000 reads; N = 22
individuals), were removed from the dataset resulting in a final dataset of
N =101 individuals (Supplementary Tables ST and S2).

After running pyRAD to completion, the remaining loci represented our
“holobiont” dataset, sequences that were, putatively, an unknown
combination of anemone and endosymbiont DNA. We then re-created
the anemone-only “aposymbiotic” dataset from Titus et al. (2019a) by
mapping polymorphic loci from the holobiont dataset to the genome of
the closely related Exaiptasia diaphana (see Baumgarten et al. 2015) to
identify anemone-only sequences. Mapping of loci was conducted using
BLAST and an 85% sequence similarity threshold after Titus et al. (2019a) to
allow for substitutions because we were not using a conspecific reference.
All remaining loci that did not map to the Exaiptasia genome were put in a
third “unmapped” dataset. As a final data check, we created local BLAST
databases by downloading publicly available endosymbiotic dinoflagellate
genomes: Symbiodinium micradriaticum (Aranda et al. 2016 as Symbiodi-
nium micradriaticum “Clade A"), Breviolum minutum (Shoguchi et al. 2013 as
Symbiodinium minutum “Clade B"), Cladocopium goreaui (Liu et al. 2018, as
Symbiodinium goreaui “Clade C”), and Fugacium kawagutii (Liu et al. 2018,
as Symbiodinium kawagutii “Clade F”). Using BLAST, we mapped both our
holobiont and apoysymbiotic datasets to the symbiodiniacean genomes to
see if we could identify any symbiodiniacean sequences in the holobiont
data and confirm that no loci in our aposymbiotic dataset mapped to both
symbiodiniacean and Exaiptasia genomes. Lastly, we used BLAST to map
our holobiont dataset to the genome of the distantly related starlet sea
anemone, Nematostella vectensis (Putnam et al. 2007), to gauge the extent
to which intra-order (Actiniaria) genomic resources could be used to
effectively identify anemone-only 100 bp ddRADseq loci. All scripts for
mapping and parsing anemone from symbiodiniacean DNA, along with full
details and instructions for using them, can be found in Titus et al. (2019a),
Dryad (https://doi.org/10.5061/dryad.c6f51c0), and GitHub (github.com/
pblischak/Bann_spdelim).

Population genetic structure

We used classic population genetic approaches to infer structure in B.
annulata populations from across the Tropical Western Atlantic. First, we
used the Bayesian clustering program Structure v2.3.4 (Pritchard et al.
2000). For holobiont, aposymbiotic, and unmapped datasets, we collapsed
bi-allelic data into haplotypes at each locus as detailed by Titus et al.
(2019a). This allowed us to incorporate more information from each locus
into our analyses when more than one SNP was present in a 100 bp locus.
Structure analyses were conducted using the admixture model, correlated
allele frequencies, and sample locality information. Each MCMC chain for
each value of K was run with a burn-in of 1 x 10° generations and sampling
period of 2x10° generations. We initially conducted two separate
Structure analyses for the holobiont and aposymbiotic datasets. First, we
conducted three iterations of a broad range of K values (1-6) to gain an
initial snapshot of the data across the region. In both initial analyses we
used the peak In Pr(D|K) and the AK (Evanno et al. 2005) to inform the
selection of the best K value. We then re-ran Structure using a narrower
range of K values (1-4) but with more iterations (n = 10). Each MCMC chain
for each value of K was run with a burn-in of 1x 10> generations and
sampling period of 2 x 10° generations. Again, we used In Pr(D|K) and AK to
select the best value of K.

Next, we conducted an analysis of molecular variance (AMOVA) in
Arlequin v.3.5 (Excoffier and Lischer 2010) to test for hierarchical
partitioning of genetic diversity across the region. Following our Structure
results (see Results), we partitioned samples into Eastern and Western
populations. We tested for hierarchical structure among sample localities
(¢s1), among sample localities within a region (¢sc), and between regions
(@ct). We used Arlequin v3.5 to calculate distance matrices using the
number of different alleles per locus, assessing statistical significance with
10,000 permutations. For each locality, we generated genetic diversity
summary statistics and calculated pairwise @<y values to test for
differentiation among sample localities. All calculations were conducted
for the aposymbiotic and for the holobiont datasets which have been
deposited in Dryad (https://doi.org/10.5061/dryad.kkwh70s6p).

Demographic modeling selection and parameter estimation

While broad-scale patterns of spatial genetic structure may be robust to
some levels of dinoflagellate contamination in reduced representation
sequencing datasets, we expect that demographic model selection
approaches that make inferences regarding patterns of demographic
history and that generate important population parameter estimates (i.e.,
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effective population sizes, migration rates), should be more sensitive to the
incorporation of data from taxa with different evolutionary histories
because different demographic processes can lead to the same genetic
structuring. Thus, for each data set, we conducted demographic model
selection using the allele frequency spectrum (AFS) and coalescent
simulations in the program fastsimcoal2 (FSC2; Excoffier et al. 2013).
FSC2 uses coalescent simulations to calculate the composite likelihood of
arbitrarily complex demographic models under a given AFS; best-fit model
(s) can be selected using the Akaike information criterion (AIC). We
developed 12 demographic models (Fig. 2) for each dataset, all variants of
a two-population isolation-migration model as Structure delimited K= 2 as
the best clustering scheme (see Fig. 1b-d). Models differed in the
directionality of gene flow, population size changes following divergence,
and in patterns of secondary contact following divergence. Genetic
clusters in Structure were largely partitioned East and West in the TWA,
and 25 individuals from each putative population (50 individuals total;
Supplementary Table S3) were randomly selected to generate two-
population, joint-folded AFS.

Two-population, joint-folded AFS were generated from pyRAD output
files and previously published python scripts (see Titus et al. 2019a for
detailed explanations on AFS building). We repeated the AFS building
procedure 10 times for each dataset to account for variation during model
selection and to calculate confidence intervals on our parameter estimates
(Satler and Carstens 2017; Smith et al. 2017; Titus et al. 2019a). Each
simulation analysis in FSC2 (i.e., each AFS replicate per model; 12 models x
10 replicates) was repeated 50 times and we selected the run with the
highest composite likelihood for each AFS replicate and model. The best-
fit model was then calculated using the AIC and model probabilities
following Burnham and Anderson (2002). To scale parameter estimates
into real values, we used the substitution per site per generation mutation
rate of 4.38 x 102 calculated for tropical anthozoans (Prada et al. 2016)
and a generation time of 1 year for B. annulata (Jennison 1981; O'Reilly
et al. 2018). All analyses were conducted on the Oakley cluster at the Ohio
Supercomputer Center (http://osc.edu). All allele frequency spectrums,
models, and replicates for conducing FSC2 analyses for holobiont and
aposymbiotic datasets are deposited in Dryad (https://doi.org/10.5061/
dryad.kkwh70s6p).

Comparative de novo assembly analyses

Variation in de novo RADseq assembly programs and parameters (e.g.,
clustering and missing data thresholds) can impact the number of
recovered loci in resulting datasets (e.g., O'Leary et al. 2018). To assess
how this variation may affect the number of holobiont and aposymbiotic
loci recovered in our B. annualata dataset, as well as how many loci map
to available Symbiodineacean genomes, we constructed 21 additional
datasets using pyRAD v3.0.66 and Stacks v2.55 (Catchen et al. 2013). In
pyRAD, we varied both the clustering threshold parameter to assemble
reads into loci (Wclust=0.90 or 0.85) and the maximum amount of
missing data permitted at a locus before it could be incorporated into the
final dataset (25 or 50%). In addition to the original dataset assembled
above (Wclust = 0.90 & locus presence = 25%) these parameters resulted
in pyRAD datasets with the following parameter values: 0.90_50, 0.85_25,
and 0.85_50%.

Similarly, we used the program Stacks v.2.55 to create de novo RADseq
datasets (using denovo_map.pl pipeline) analogous to those we created in
PYRAD. In Stacks, we set the minimum sequencing coverage depth to
seven (-m 7) and varied the number of mismatches allowed between
sequences to assemble reads into loci (-M =10 or 15). Given our 100 bp
sequences, this allowed us to create a clustering threshold analogous to
pyRAD (0.90 or 0.85). We also varied maximum amount of missing data
permitted at a locus before it could be incorporated into the final dataset
(25 or 50%). These parameters resulted in Stacks datasets with the same
parameter values as in pyRAD: 0.90_25, 0.90_50, 0.85_25, and 0.85_50%.

For each new dataset, resulting holobiont loci were mapped against the
Exaiptasia genome, all available dinoflagellate genomes, and the
Nematostella genome using BLAST as above to compare the number of
recovered holobiont, aposymbiotic, and symbiont loci for each dataset and
parameter setting. Results from these BLAST searches were then used to
create “aposymbiotic” and “unmapped” Structure files to compare genetic
clustering patterns for each of the 21 new datasets. Genetic clustering
patterns for K=2 clusters was explored using a discriminant analysis of
principal components method (DAPC; Jombart et al. 2010) in the adegenet
package (Jombart and Ahmed, 2011) in R v3.5.0 (R Core Team 2015). This
approach was taken to reduce the overall computation time. In adegenet,
the best clustering scheme was assessed using the K-means method,
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Fig. 2 Models used in FSC2 to understand the demographic processes leading to the two-population pattern of diversification in the
corkscrew anemone Bartholomea annulata across the Tropical Western Atlantic. Each model is a two-population isolation-migration (IM)
model that varies in the degree and directionality of gene flow and effective population size. Models are as follows: a isolation only, b isolation
with population size changes following divergence, ¢ IM model with symmetric migration, d IM model with symmetric migration and
population size changes, e IM model with migration from the Western to Eastern population, f IM model with migration from the Eastern to
Western population, g IM model with symmetric migration between populations immediately following divergence followed by more
contemporary isolation, h IM model with isolation immediately following divergence, followed by secondary contact and symmetric
migration, i IM model with migration from the Western to Eastern population immediately following divergence, followed by more
contemporary isolation, j IM model with isolation immediately following divergence followed by secondary contact and migration from the
Western to Eastern population, k IM model with migration from the Eastern to Western population immediately following divergence,
followed by more contemporary isolation, and | IM model with isolation immediately following divergence followed by secondary contact
and migration from the Eastern to Western population. Model 6 was selected by Akaike Information Criterion as the best fit demographic

model for both holobiont and aposymbiotic datasets.

setting the maximum K= 10, and retaining all principal components. The
genetic data were transformed using principal component analyses (PCA)
and linear discriminant analyses were performed on the retained principal
components (no more than 50% were retained to avoid overfitting). The
number of retained PCs were determined using the optimum alpha score.
We then assigned each individual to a genetic unit at K= 2 according to its
maximum membership probability.

To quantify similarities in the genetic cluster plots across datasets and
assembly programs, we used pong (Behr et al. 2016). pong uses genetic
cluster output (e.g., individual membership assignments, Q-matrices) to
calculate a pairwise similarity metric across multiple cluster matrices.
Pong'’s pairwise similarity metric is based on the Jaccard index, which we
used to quantitatively highlight how variation in assembly program,
parameter setting, and dataset type impacts individual membership
assignments in resulting cluster bar plots.

RESULTS

Dataset assembly

Raw ddRADseq data from Titus et al. (2019a) comprised 186.1
million sequence reads across 123 individuals; 175 million reads
passed quality control filtering in pyRAD and were retained to
create the final dataset. Accounting for individuals with low
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sequence reads (<500,000 reads) resulted in a final intraspecific
dataset of 101 individuals (Supplementary Tables S1 and S2).
Requiring a locus to be present in at least 75% of all individuals
resulted in a final holobiont data set of 11,331 SNPs distributed
across 3854 loci. After mapping these loci to the Exaiptasia
diaphana genome, we retained 1402 loci in the final aposymbiotic
dataset and 2452 loci in the unmapped dataset. Only 59 of the
3854 holobiont ddRADseq loci (~1.5%) mapped to Symbiodinia-
ceae genomes (Supplementary Table S4), but this confirms the
presence of at least some symbiont DNA in our holobiont dataset.
Of these, 58 mapped to the S. microadriaticum genome (formerly
Clade A) and one mapped to the C. goreaui genome (formerly
Clade C; Supplementary Table S4). Only five loci from the holobiont
dataset mapped to the starlet sea anemone N. vectensis genome
(Supplementary Table S5). Holobiont and aposymbiotic datasets
are available on Dryad (https://doi.org/10.5061/dryad.kkwh70s6p).

Population genetic structure

Genetic clustering analysis in Structure resolved similar patterns
across the TWA for aposymbiotic, holobiont, and unmapped
datasets. As in Titus et al. (2019a), K=2 was selected by Structure
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using both InP(K) and AK as the best clustering scheme for the
aposymbiotic dataset (Fig. 1b; Supplementary Table S6). Diversity
was largely binned into Western and Eastern partitions, but with
admixture (Fig. 1b). The most notable genetic break was that
between the Lower Keys (LK) and Eleuthera, Bahamas (BH), sample
localities in close proximity and bisected by the Florida Straits
(Fig. 1). The holobiont dataset recovered similar geographic
partitioning, but Structure selected K=3 as the best partitioning
scheme using InP(K) and AK (Fig. 1; Supplementary Fig. S1;
Supplementary Table S7). However, the AK values between K=2
and K=3 are so similar this likely reflects a lack of significant
biological difference between the two clustering models, a result
seen in other studies (e.g., Abalaka et al. 2015; Leydet and Hellberg
2015). The additional genetic cluster did not illuminate any
unrecovered geographic partitioning across the region beyond
what was recovered by a K= 2 partitioning scheme (Supplementary
Fig. S1), and AK values for K=2 and K=3 were very similar
(Supplementary Table S7). The West-East genetic break across the
TWA, with admixture, is still largely resolved in the holobiont dataset
with the most notable break again between the LK and BH sample
localities (Fig. 1c). The K=3 result may just simply be because
including more data in the analysis led to a higher probability of
shared alleles in the dataset. Finally, K= 3 was selected as the best
partitioning scheme for the unmapped dataset, which, like the
holobiont dataset, showed similar genetic partitioning across the
region and highly similar AK values between K=2 and K=3
(Fig. 1d; Supplementary Fig. S1; Supplementary Table S8).
Population genetic analyses in Arlequin reflect nearly identical
results for the holobiont and aposymbiotic datasets. AMOVA

B.M. Titus and M. Daly

results indicate low, but significant, population genetic structure
at all hierarchical levels for both datasets, and both datasets have
similar patterns of genetic variation at each hierarchical level
(Table 1). Similarly, pairwise @st values calculated by Arlequin were
low but significant among many sample localities for both
datasets (Supplementary Table S9). Genetic diversity summary
statistics for both datasets were virtually indistinguishable across
all sample localities (Table 2).

Demographic model selection
Coalescent modeling in FSC2 returned identical model selection
results between aposymbiotic and holobiont datasets (Table 3). For
both, the best-fit model as chosen by the Akaike Information
Critereon (AIC) is model 6, an IM model with unidirectional gene
flow from East to West (Fig. 2). According to Akaike model weights,
model 6 received >0.70 of the support (Table 3) in both the
aposymbiotic and holobiont datasets. A secondary contact model
(Model 10; Fig. 2) with isolation immediately after divergence,
followed by secondary contact and unidirectional West-East gene
flow, received the next highest amount of support according to
AIC, although the Akaike weight differed between the datasets,
with the holobiont dataset having a clearer preference for this
model over the next best one, compared to the aposymbiotic
dataset (Table 3). The increased power of the holobiont dataset to
discriminate between the 2" and 3 best models (based on
Akaike weights) points to the importance of dataset size for
distinguishing between alternative models.

Parameter values and confidence intervals for effective
population size, divergence time, and migration rate estimated

Table 1. Analysis of Molecular Variance (AMOVA) results for aposymbiotic and holobiont Bartholomea annulata RADseq datasets.

Dataset Among localities Pst Among localities within regions Psc Among regions @ct
Aposymbiotic 96.55 0.03** 2.24 0.02** 1.21 0.01*
Holobiont 95.90 0.04** 2.62 0.03** 1.48 0.01*

Data were partitioned into Eastern and Western Regions and reflect nearly identical levels of genetic diversity partitioned at all hierarchical levels.

**p < 0.0005; *p < 0.005.

Table 2.
Western Atlantic.

Sample locality Code Ng SS
Eleuthera BH 14 169 (169)
San Salvador SAN 4 93 (84)
Barbados BR 16 166 (140)
Bermuda BD 18 197 (177)
Curacao cu - -

Ft. Lauderdale, Florida, USA FT 16 206 (178)
Upper Keys, Florida, USA UK 18 221 (198)
Middle Keys, Florida, USA MK 14 177 (151)
Lower Keys, Florida, USA LK 18 198 (169)
Cayos Cochinos, Honduas cC 18 194 (169)
Utila, Honduras uT 20 179 (163)
Mexico MX 18 152 (148)
Panama PA 6 68 (59)
US Virgin Islands VI 22 152 (171)

Diversity indices calculated from aposymbiotic and holobiont (in parentheses) RADseq data for Bartholomea annulata across the Tropical

(2] n Ho He

53.1 (53.1) 0.030 (0.028) 0.20 (0.18) 0.21 (0.19)
50.7 (45.8) 0.033 (0.029) 0.45 (0.48) 0.52 (0.51)
50.02 (42.1) 0.031 (0.026) 0.17 (0.17) 0.19 (0.18)
57.7 (51.4) 0.035 (0.032) 0.15 (0.15) 0.17 (0.16)
62.08 (53.6) 0.031 (0.026) 0.17 (0.15) 0.18 (0.16)
64.2 (57.5) 0.03 (0.028) 0.15 (0.14) 0.16 (0.15)
55.6 (47.4) 0.029 (0.027) 0.18 (0.19) 0.20 (0.20)
57.56 (49.3) 0.033 (0.026) 0.17 (0.16) 0.18 (0.16)
56.4 (49.1) 0.029 (0.025) 0.15 (0.14) 0.16 (0.15)
50.4 (45.9) 0.027 (0.042) 0.13 (0.12) 0.14 (0.13)
44.1 (43.0) 0.033 (0.032) 0.14 (0.14) 0.16 (0.15)
29.8 (25.8) 0.025 (0.022) 0.33 (0.35) 0.39 (0.38)
41.6 (46.9) 0.026 (0.027) 0.14 (0.13) 0.15 (0.13)

Diversity indices calculated for each sample locality and for each genetically defined population grouping determined by Structure. Values reflect nearly
identical genetic diversity indices between aposymbiotic and holobiont datasets all sample localities.
Ng Number of gene copies, SS segregating sites, 8 theta calculated from segregating sites, m nucleotide diversity, Ho observed heterozygosity, He expected

heterozygosity.
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Table 3.

annulata datasets.
Model

6 - IMgy

10 - IMiso-miG-we
5 - IMwe

3-1M

8 - IMiso-miG
1-1SO

12 - IMiso-miG-ew
2 - ISOc

4 - Imc

9 - IMmic-we-iso
7 - IMuiG.so

11 - IMmig-ew-1s0

k In(Likelihood)

5 —8846.5 (—19863.5)
6 —8847.3 (—19863.5)
5 —8848.4 (—19870.0)
6 —8853.0 (—19877.1)
7 —8857.7 (—19844.6)
4 —8868.3 (—19922.8)
6 —8885.5 (—19963.2)
11 —10965.6 (—22778.0)
12 —11569.8 (—24493.4)
6 —13772.4 (—30574.7)
7 —13772.0 (—30576.1)
6 —13947.7 (—30985.4)

AIC

17703.1 (39737.0)
17706.7 (39739.0)
17706.9 (39750.1)
17718.0 (39766.3)
17729.5 (39783.3)
17744.6 (39853.7)
17783.0 (39938.4)
21953.3 (45578.1)
23163.7 (49010.9)
27556.8 (61161.5)
27558.1 (61166.2)
27907.5 (61982.8)

Akaike Information Criterion results for model selection from FSC2 for the aposymbiotic and holobiont (in parentheses) Bartholomea

h; Model likelihoods w;

0(0) 1(1) 0.75 (0.73)

3.5 (2.0) 0.17 (0.36) 0.12 (0.26)

3.7 (13.1) 0.15 (0.001) 0.11 (0.001)
14.8 (29.3) 6.0e 3 (4.2¢77) 40e 3 (3.1e7)
26.3 (46.3) 1.8e © (86e ") 14e ¢ (63e ")
414 (116.7) 1.0e ° (4.5 %) 7.7 '° (33e %)
79.8 (201.3) 46e '8 (1.8e ) 34e 8 (13e ™)
4250.0 (5841.1) 0 (0) 0 (0)

5460.5 (9272.9) 0 (0) 0(0)

9853.6 (21424.4) 0 (0) 0 (0)

9854.9 (21429.1) 0 (0) 0 (0)

10204.3 (22245.8) 0 (0) 0 (0)

Model rank was identical between aposymbiotic and holobiont datasets, with broadly similar model likelihoods and model weights. Model refers to those

depicted and described in Fig. 2. Models are listed according to their AIC rank and the highest ranked model is highlighted.
k number of parameters in the model, AIC Akaike Information Criterion, 4, change in AIC scores, w; Akaike weights.

Table 4.

holobiont (Holo) Bartholomea annulata datasets.

Dataset N. Ancestral N, West N, East
Mean 95% CI Mean 95% CI Mean

Aposym 38,179 (+x6058) 61,787 (+5465) 100,290

Holo 33,273 (+£9477) 68,137 (+£5302) 118,113

Parameter estimates and 95% confidence intervals (Cl) generated from FSC2 coalescent simulations for aposymbiotic (Aposym) and

T Migew
95% CI Mean 95% CI Mean 95% CI
(+5339) 39,274 (+11,079) 1.50e* (+1.24 )
(+10 619) 58,140 (+14,884) 1.25e7* (£9.46 e %)

Values reported for N, are in number of individuals and the values for 7 are reported in years before present. Parameter values reflect overlapping confidence

intervals between aposymbtiotic and holobiont for every parameter calculated.

N, effective population size, T divergence time, Migg, migration rate from Eastern to Western populations.

from FSC2 simulations were overlapping between aposymbiotic
and holobiont datasets (Table 4). For both datasets, FSC2
estimated that Eastern populations of B. annulata had greater
effective population sizes than Western populations, and that the
per-generation migration rate was low (Table 4). Divergence time
estimates varied more than other parameter values but still had
overlapping confidence intervals. The aposymbiotic dataset had
an estimated a mean divergence time between Eastern and
Western populations at ~39,000 ybp, whereas the holobiont
dataset had an estimated a mean divergence time between
populations at ~58,000 ybp.

Comparative de novo assembly analyses

Variation in clustering and missing data thresholds across de
novo pyRAD and Stacks assembly programs revealed similarities
and important differences in the number of recovered holobiont,
aposymbiotic, and symbiont loci. Broadly, missing data thresh-
olds had greater impact on dataset size and the total number of
symbiont loci recovered by both programs than the clustering
parameters (Table 5). For both pyRAD and Stacks datasets,
increasing the missing data threshold to 50% roughly doubled
the number of recovered holobiont loci (Table 5). In contrast,
decreasing the clustering threshold from 0.90 to 0.85 resulted in
more modest loci increases in pyRAD and slightly decreased the
total number of holobiont loci recovered in Stacks (Table 5). The
proportion of confirmed aposymbiotic loci recovered from
holobiont datasets remained consistent across assembly pro-
grams and parameter settings, ranging from 0.33-0.42 of the
total loci (Table 5).
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The greatest differences between programs and parameter
settings are in the number of recovered symbiont loci (Table 5).
The program pyRAD positively identified more symbiont loci
than Stacks across all parameter settings, but no more than 4.6%
of holobiont loci mapped to Symbiodneaceae genomic
resources in any dataset (Table 5). As above, missing data
thresholds had a far greater impact on the recovery of symbiont
loci than clustering threshold. At the most conservative missing
data threshold (<25%), pyRAD datasets never recovered more
than 200 symbiont loci, while Stacks datasets did not recover
more than 10 symbiont loci (Table 5). Excluding the Stacks 85_25
dataset, which had only one locus map to a symbiont genome,
all other datasets had loci that mapped to at least two symbiont
genera (Table 6). The genera Symbiodinium and Cladocopium
were the closest match for the most commonly recovered
symbiont loci, but, interestingly, Cladocopium only appeared at
meaningful levels when the missing data threshold was raised to
50% (Table 6). Similarly, the genera Breviolum and Fugacium,
although never accounting for more than 14 total loci in any
dataset, also only appeared in the RADseq datasets when the
missing data threshold was raised to 50% (Table 6). Lowering
the clustering threshold did not have a similar impact on the
presence of symbiont loci. The number of recovered Breviolum,
Cladocopium, and Fugacium loci remained almost identical
across both pyRAD and Stacks when the clustering thresholds
were lowered from 0.90 to 0.85 while keeping the missing data
thresholds the same (Table 6). The number of recovered
Symbiodinium loci did increase with lower clustering thresholds,
but only in pyRAD (Table 6). Finally, the number of anemone loci
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Table 5. Comparative de novo ddRADseq dataset assembly statistics for the corkscrew anemone Bartholomea annulata compiled using pyRAD
v3.0.66 and Stacks v2.55.

Dataset Cluster parameter Missing data % Holobiont Loci Aposymbiotic Loci Symbiont Loci Nematostella BLAST hits
py_90_25 Wclust = 0.90 25% 3854 1402 59 5

py_90_50 Wclust = 0.90 50% 7097 2738 261 15

py_85_25 Wclust = 0.85 25% 5452 1995 182 6

py_85_50 Wclust = 0.85 50% 8764 2918 411 15

st_90_25 M=10 25% 4803 2020 7 6

st_90_50 M=10 50% 8639 3231 227 16

st_85_25 M=15 25% 4646 1975 1 7

st_85_50 M=15 50% 8432 3171 179 16

Datasets varied by the clustering threshold parameter to assemble reads into loci (Wclust in pyRAD or Mismatches in Stacks) and the maximum amount of
missing data allowed before a locus could be incorporated into the final dataset (25 or 50%).

Holobiont Loci the number of loci recovered by each de novo assembly that represent an unknown combination of anemone and endosymbiotic dinoflagellate
DNA, Aposymbiotic Loci the number of loci from the corresponding holobiont loci dataset that were confirmed as being of anemone origin by mapping to the
Exaiptasia diaphana reference genome, Symbiont Loci the number of loci from the corresponding holobiont dataset that were confirmed as being of
endosymbiotic dinoflagellate origin by mapping to a reference genome from the family Symbiodineaceae (Symbiodinium, Breviolum, Cladocopium, or
Fugacium), Nematostella BLAST Hits the number of loci from the corresponding holobiont dataset that mapped to the starlet anemone Nematostella vectensis
genome using BLAST.

Table 6. Genus of origin of confirmed Symbiodineaceae Loci recovered from comparative de novo ddRADseq dataset assemblies for the corkscrew

anemone Bartholomea annulata using pyRAD v3.0.66 and Stacks v2.55.

Dataset Cluster parameter Missing data % Symbiont Loci Symbiodinium Breviolum Cladocopium Fugacium
py_90_25 Wclust = 0.90 25% 59 58 0 1 0
py_90_50 Wclust = 0.90 50% 261 164 14 73 10
py_85_25 Wclust = 0.85 25% 182 181 0 1 0
py_85_50 Wclust = 0.85 50% 411 317 14 70 10
st_90_25 M=10 25% 7 6 0 1 0
st_90_50 M=10 50% 227 109 14 92 12
st_85_25 M=15 25% 1 0 0 1 0
st_85_50 M=15 50% 179 58 14 95 12

Values represent the number of ddRADseq loci that mapped to current Symbiodineaceae reference genomes using BLAST. Datasets varied by the clustering
threshold parameter to assemble reads into loci (Wclust in pyRAD or Mismatches in Stacks) and the maximum amount of missing data allowed before a locus

could be incorporated into the final dataset (25 or 50%).

that mapped to the distantly related Nematostella genome
remained extremely low across all assembly programs and
parameter settings (Table 5).

While missing data thresholds appeared to have the greatest
impact on both assembly programs in terms of the number of
recovered holobiont, aposymbiotic, and symbiont loci, the
resulting genetic structure plots revealed important differences
in the way these programs and parameters resolve genetic
structure in B. annulata (Fig. 3). In pyRAD, the clustering parameter
(Wclust) appears to have the most impact on the genetic structure
across holobiont, aposymbiotic, and unmapped datasets, while
missing data thresholds appear to have the most impact on
genetic structure in datasets produced by Stacks (Fig. 3). At high
clustering thresholds (0.90), genetic structure plots are highly
similar across the Caribbean for B. annulata regardless of missing
data parameters or whether the dataset is comprised of holobiont,
aposymbiotic, or unmapped loci (Figs. 1 and 3). The program pong
calculated similarity metrics >77% when comparing individual
cluster membership assignments across holobiont, aposymbiotic,
and unmapped loci (Fig. 3). However, when genetic clustering
thresholds are relaxed (Wclust=0.85), only the aposymbiotic
structure plots show consistency with those produced at higher
cluster thresholds. Both the py85_25 and py85_50 holobiont and
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unmapped datasets resolved genetic structures for B. annulata
that were discordant with all aposymbiotic datasets in pyRAD and
with holobiont and unmapped datasets produced with a Wclust
threshold of 0.90 (Fig. 3). Similarity metrics generated by pong
reflected this discordance and resulting genetic cluster plots had
average pairwise similarities of <70% (Fig. 3).

For datasets produced by Stacks, genetic cluster plots are
remarkably consistent across holobiont, aposymbiotic, and
unmapped data within a given parameter setting and had the
highest pairwise similarity scores produced by pong (all > 84%,
Fig. 3). However, between datasets, missing data appears to
produce the largest differences in genetic structure plots (Fig. 3).
More genetic structure was recovered in Stacks datasets when the
missing data threshold was reduced to <50% (Fig. 3) than when
left at the more conservative missing data threshold of <25%.

In addition to variation between datasets within an assembly
program, the most variation in genetic structure appeared
between assembly programs (Fig. 3). The strongest biogeographic
signal occurred in datasets produced by pyRAD, which resolved
the Florida Straits as the strongest genetic break in the region.
Genetic structure plots from Stacks datasets showed much less
resolution, but structure plots from datasets where the missing
data threshold was <50% did loosely recover genetic structuring
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Fig.3 Genetic clustering results (K = 2) from 21 de novo ddRADseq dataset assemblies for the corkscrew anemone Bartholomea annulata
compiled using pyRAD v3.0.66 and Stacks v2.55. Genetic clusters were detected using discriminant analysis of principal components (DAPC).
Datasets varied by the clustering threshold parameter to assemble reads into loci (0.90 or 0.85 sequence similarity) and the maximum amount
of missing data allowed before a locus could be incorporated into the final dataset (25 or 50%). Genetic cluster plots with the prefix “py” were
produced in pyRAD and plots labeled with the prefix “st” were produced in Stacks. Similarity metrics for each assembly program and
parameter setting were calculated by pong and represent the average pairwise percentage of individuals with identical cluster assignment

probabilities across aposymbiotic, holobiont, and unmapped datasets.

across the Florida Straits as well (Fig. 3). All files and raw data are
available on Dryad (https://doi.org/10.5061/dryad.kkwh70s6p).

DISCUSSION

Marker development and symbiodiniacean contamination has
represented a substantial hurdle for researchers working on
tropical anthozoans (e.g., Shearer et al. 2005; Bongearts et al.
2017; Leydet et al. 2018). These issues have been presumed to
remain for reduced representation sequencing approaches, which
may be why these methods have not been leveraged in symbiotic
anthozoans to the extent that they have for other taxa. However,
based on the analyses we conduct here, we find broadly similar
interpretations from our main holobiont and aposymbiotic
datasets produced by reduced representation sequencing. In our
primary analyses, we expected that more than doubling our
dataset (~1400 vs 3800 loci) and including putative symbiont loci
would lead to major differences in our population genetic results.
The ~2400 unmapped loci from our holobiont dataset that did not
map to the E. diaphana genome have nearly identical genetic
clustering results to the aposymbiotic dataset even though the
additional loci represent some combination of anemone and
symbiont sequences. Because each anthozoan tentacle cell can
contain multiple symbiodiniacean cells, photosymbiont nuclei can
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potentially outnumber anemone nuclei in some tissue layers and
thus constitute a significant source of potential contamination
(Muscatine et al. 1998). Therefore, although only 59 loci are
confirmed as from symbionts, our holobiont dataset could contain
more dinoflagellate sequences than B. annulata sequences. If even
half of the 2400 unmapped loci from our holobiont dataset were
from members of Symbiodiniaceae, we would expect this to
greatly influence our holobiont analyses. This should be especially
true of our parameter estimates and genetic diversity summary
statistics, which should be the most sensitive to the incorporation
of sequence data from multiple species with different evolutionary
histories. That we recover largely indistinguishable population
genetic results with completely overlapping diversity indices,
summary statistics, and parameter estimates leads us to hypothe-
size that we have very few symbiodiniacean loci in our holobiont
dataset, and that most symbiodineacean sequences were filtered
out by pyRAD during dataset assembly. Our additional 21
comparative datasets produced through pyRAD and Stacks, along
with the corresponding genetic cluster analyses, provide additional
support for this hypothesis and important insight into dataset
assembly parameters for future studies. Ultimately, our results and
observations suggest that neither reference genomes, nor
complicated pre- and post-sequencing approaches, are necessary
to make robust population genetic inferences using reduced
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representation sequencing approaches for at least some symbiotic
anthozoans. Our direct test of this hypothesis provides a posteriori
validation that many previous studies analyzing coral holobiont
DNA using these sequencing approaches (e.g., Quattrini et al. 2019;
Porro et al. 2020) were acquiring their signal from the coral host.

Our interpretation of these patterns, and resulting hypothesis,
rests on several observations surrounding basic anthozoan and
symbiodiniacean biology, the manner in which de novo RADseq
assembly programs assemble orthologous loci, and how these
factors likely interact to determine whether symbiont loci will be
removed from or incorporated into resulting RADseq datasets.
First, many tropical anthozoans, including B. annualata, have
flexible symbiont associations that involve diverse lineages of
Symbiodiniaceae (e.g., Santos 2016; Silverstein et al. 2012), which
in hospite, are haploid gametophytes (Santos and Coffroth 2003).
Members of the same host species can harbor different genera
and species of Symbiodiniaceae (previously called Clades and
Types of Symbiodinium) in different habitats, across broad
geographic space, and within the same individual or colony
(Baker 2003; Silverstein et al. 2012; Santos 2016). Thus, across a
population of anthozoan hosts, it is not uncommon to find some
individuals harboring a clonal haploid population of a single
species of symbiont, others hosting multiple species within the
same genus, and other individuals hosting two or more symbiont
genera simultaneously (reviewed by Wham and LaJeunesse 2016).
The flexibility of these associations means that even within an
individual host, the identity of the symbiont can be switched
altogether, or if a host harbors multiple species or genera
simultaneously, the relative abundance of these symbionts can
be shuffled (e.g, Mieog et al. 2007). Second, the genetic
divergences between genera of Symbiodiniaceae are comparable
to order-level differences in other dinoflagellates, representing
divergences as old as the mid-Jurassic (LaJeunesse et al. 2018;
Santos 2016). Given an adequate ecological or geographic
distribution, many sets of field collected samples will therefore
harbor multiple genera and species of Symbiodiniaceae that have
been diverged for tens of millions of years. These aspects of
anthozoan and symbiodineacean biology are important to
consider because they will interact with reduced representation
assembly programs, and likely result in symbiont loci being
filtered out of resulting datasets.

Reduced representation datasets, as outlined above, should be
comprised of short (50-100bp sequences), largely non-coding
DNA fragments. When de novo SNP-calling programs assemble
DNA sequence fragments and call orthologous loci, the user
specifies a series of important parameters that are well-
documented to impact the number of recoverable loci (reviewed
by O'Leary et al. 2018). Two of these parameters, the locus
clustering threshold and the missing data threshold, are
particularly germane to our hypothesis that symbiont loci often
get filtered out during data set assembly. The locus clustering
threshold uses a sequence similarity threshold to assemble
orthologous loci within individuals. Overly stringent thresholds
lead to over-splitting orthologous sequences into separate loci,
while relaxed thresholds lead to RADseq programs over-clustering
paralogous loci and potentially introducing artefactual SNPs
(Catchen et al. 2013; Eaton 2014; O'Leary et al. 2018).

Missing data thresholds specify the percentage of individuals in
which an orthologous locus must be present before it can be
included in the final dataset. Factors such as library preparation
and sequencing depth can lead to allele dropout in RADseq
datasets (Catchen et al. 2013; Eaton 2014; O'Leary et al. 2018), but
so can biologically meaningful factors, like evolutionary related-
ness among samples within a dataset (Harvey et al. 2015; Rubin
et al. 2012). If samples are distantly related, RADseq programs may
have difficulty finding mutationally-conserved, orthologous loci
that meet missing data thresholds. This problem underscores the
rationale behind why phylogenomic studies do not use reduced
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representation sequencing to resolve ordinal relationships. These
methods typically do not produce enough orthologous loci across
taxa that have diverged over deep evolutionary timescales to
generate well resolved phylogenies (Harvey et al. 2015; Rubin
et al. 2012). Reinforcing this point, in our primary B. annulata
dataset, only five loci mapped to the genome of the starlet
anemone Nematostella vectensis, and no more than 16 total loci
mapped to N. vectensis even under the most relaxed assembly
parameters. This is likely because B. annulata and N. vectensis are
distant relatives that share a last common ancestor ~500 mya
(McFadden et al. 2021; Quattrini et al. 2020; Rodriguez et al. 2014;
Titus et al. 2019b). Thus, our ddRADseq approach would be
severely limited for understanding evolutionary relationships
among Actiniaria at this scale.

Sampling and sequencing an anthozoan species at the
population level regularly results in sampling and sequencing
symbiodineacean diversity at the genus level. Thus, moderately
conservative assembly parameters may be enough to filter out the
majority of symbiodiniacean sequences because the program
cannot find enough mutationally-conserved, orthologous loci
across the genetically divergent Symbiodiniaceae hosted by the
focal anthozoan to meet the missing data thresholds. For example,
imagine a ddRADseq dataset consisting of 10 individuals of an
anthozoan from Florida that harbor a monoclonal haploid
population of symbionts from the genus Symbiodinium, and 10
individuals from Bermuda that harbor a monoclonal haploid
population of symbionts from the genus Breviolum. The genetic
divergence between Symbiodinium and Breviolum is large enough
(pairwise distance for LSU DNA = 0.37, estimated divergence ~170
mya: LaJeunesse et al. 2018) that few non-coding orthologous
DNA sequences from Symbiodinium and Breviolum would be
retained under a pyRAD missing data threshold requiring a locus
to be present in 75% of all individuals. Thus, the loci that would be
retained in the final dataset would primarily be from the host
anthozoan, which represents intraspecific diversity at shallower
evolutionary timescales, compared to their symbionts. Under this
hypothetical scenario where anthozoan hosts harbor monoclonal
haploid symbionts, any symbiont loci that do end up in the final
dataset should, in theory, be 1) from highly conserved genomic
regions and 2) treated as fixed homozygous loci due assembly
programs assuming the focal taxa are diploid and thus lead to
heterozygote deficiencies. Alternatively, if resulting symbiont loci
in the final dataset are returned as heterozygous, it could indicate
that low clustering thresholds are over-clustering paralogous loci
giving the appearance of diploid genomes. In our analyses, no
symbiont locus that was present in any final dataset mapped to
multiple symbiont genomes, suggesting that our sequencing and
assembly approaches were not recovering highly conserved
symbiodineacean loci.

In other scenarios where the composition of symbionts within
host anthozoans are more complicated, other outcomes could be
expected. If individuals of a target anthozoan harbor mixtures of
different genotypes from the same symbiodineacean species,
different species from the same genus, or different genera
altogether then the relative abundance and relatedness of each
symbiont lineage will likely be important for determining how/if
symbiont loci are retained in the final dataset. Under lower
clustering thresholds, loci from closely related symbionts could be
over-clustered and treated as diploid; if more than two symbiont
lineages are present and cluster together at a locus, then it would
violate the diploid assumptions of the assembly programs and the
loci would be removed. If a single lineage of symbiont dominated,
but background levels of other lineages were present, then
missing data thresholds would be important in determining if
these loci were ultimately retained.

In our comparative de novo analyses using both pyRAD and
Stacks, we can begin to see preliminary support for our hypothesis
and how these factors can interact to either include or filter out
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symbiont loci from our B. annulata datasets. We know previously
that B. annulata hosts multiple members of Symbiodiniaceae
throughout its range: Symbiodinium in Bermuda and Florida and
Cladocopium in Florida, Mexico, and Panama (Grajales et al. 2015;
see LaJeunesse et al. 2018 for updated taxonomy). Loci from our
holobiont dataset primarily mapped to the published genome of
Symbiodinium in both pyRAD and Stacks, although at much
greater levels in pyRAD. Once missing data thresholds were
relaxed to 50%, Cladocopium loci appeared, along with low
numbers of loci that also mapped to Brevioulum and Fugacium,
confirming the occurrence of four symbiont genera in the B.
annulata we collected. This pattern was importantly recovered
from datasets produced by both assembly programs. The number
and diversity of symbiont loci did not increase to nearly the same
degree in pyRAD when clustering thresholds were relaxed, and in
fact decreased in the program Stacks, highlighting the potential of
missing data thresholds to filter out symbiont loci.

Clustering thresholds do appear particularly important when
constructing datasets in pyRAD. Here we saw consistency across
genetic cluster plots at a clustering threshold of 0.90, regardless of
missing data values, but substantial differences between holo-
biont, aposymbiotic, and unmapped genetic cluster plots when
clustering thresholds were relaxed to 0.85. pyRAD is often touted
for its ability to handle indels, and thus outperforms other RADseq
assembly programs when datasets harbor interspecific diversity
(Eaton 2014). This may have contributed to the greater number of
symbiont loci that made it into final pyRAD datasets, compared to
Stacks. The genetic cluster plots for aposymbiotic datasets
produced in pyRAD at a clustering threshold of 0.85 were identical
to those produced at higher clustering thresholds, suggesting that
symbiont loci in the corresponding holobiont and unmapped
datasets were driving the observed discordance. In Stacks, genetic
cluster plots were remarkably consistent across holobiont,
aposymbiotic, and unmapped datasets within a given set of
parameters. We did not see a corresponding set of parameters in
Stacks where the aposymbiotic genetic cluster plots were
significantly different from their corresponding holobiont or
unmapped genetic cluster plot results.

Our comparative de novo analyses between pyRAD and Stacks
also highlight important differences in the B. annulata population
genetic structure recovered by both assembly programs. While
some similarities exist, our pyRAD datasets picked up much more
biogeographic structure than our Stacks dataset, regularly
recovering a genetic break across the Florida Straits between
the Florida Keys and the Bahamas. At more relaxed missing data
thresholds, this pattern began to emerge in Stacks as well, but was
much less clear. Another interesting difference was the consis-
tency of the population genetic structure recovered in the
aposymbiotic datasets in both programs across different assembly
parameters. In pyRAD, the genetic structure plots for B. annulata
are virtually identical across aposymbiotic datasets regardless of
the clustering or missing data thresholds, highlighting an under-
lying consistency of pyRAD to recover the same signal. In Stacks,
however, even though genetic cluster plots were consistent within
a given set of parameters, unlike pyRAD, the pattern of genetic
structure did change within the aposymbiotic datasets between
parameter settings. This suggests that the program, rather than an
underlying biological signal from the animal, has an important
impact on population genetic results. An alternative interpretation
is that our B. annulata RADseq dataset lacks a strong enough
biogeographic signal to be recovered by both datasets. A less
admixed or heterogeneous dataset may not encounter as much
variation between assembly programs as we see here. This
variation between programs, however, should not overshadow
the more important implications from these analyses, which is the
consistency of Stacks, and to a lesser degree pyRAD, to recover the
same genetic signal across holobiont, aposymbiotic, and
unmapped datasets within a given set of assembly parameters.
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The framework and experimental design of our study,
effectively a single-species phylogeographic study that spans
the entire range of our focal taxon, is representative of many
studies that examine the spatial and demographic history of a
given species at the population level. Although the degree to
which symbiotic anthozoans are specific to a particular lineage of
Symbiodiniaceae is unresolved, evidence is overwhelming that
these associations are often spatially and temporally variable,
particularly in stony corals, where much of this research has
focused (e.g., Silverstein et al. 2012). Thus, given a broad sampling
scheme with respect to geography and habitat, de novo assembly
programs may act as de facto filtering programs for symbiodinia-
ceans in many reduced representation datasets produced from
symbiotic anthozoans. Resulting datasets will be overwhelmingly
comprised of anthozoan DNA loci and any remaining symbiont
loci may simply be genetic “noise”.

Of course, our case study is not without important caveats.
Because we do not have a B. annulata reference genome, we
cannot account for 100% of all ddRADseq loci that belong to the
host. That the reference genome is from a species in the same
family, rather than more closely related, is the most likely
explanation for why ~2400 loci remain uncharacterized in our
holobiont dataset. These loci are simply not shared between
E. diaphana and B. annulata, and so are not included in the
aposymbiotic dataset. Similarly, although mapping our reads to
genomic resources from members of Symbiodiniaceae confirms
we do have some dinoflagellate sequence data in our holobiont
dataset (at least ~1.5% of all loci), we do not have genomes for the
exact genus and species of symbiodiniacean in our B. annulata
samples. Further, the choice of restriction enzymes used in our
double-digest library preparation could impact the loci recovered.
We used two six-base pair cutting enzymes, and it is unclear how
using more frequent cutting enzymes, or simply conducting a
single restriction digest, would affect the results. ddRAD
approaches may be more prone to allele dropout than single
enzyme digestions because the likelihood of mutation at
restriction sites increases with as the number of restriction
enzymes used to digest DNA increases. Follow-up studies that
do have access to conspecific reference genomes for both host
and symbiont will be important to test the hypotheses we present
here, as are in silico restriction digests that test the effectiveness of
different enzyme combinations.

From a practical standpoint, our study demonstrates that
Symbiodineaceae DNA is not a consistent source of contamination
in reduced representation libraries, and thus, those that feel
strongly about employing a reference genome should weigh that
decision against other important factors- particularly the final
dataset size. Our holobiont dataset contained >2x the number of
loci as our aposymbiotic dataset. While this did not significantly
impact our overall results, many population and phylogeographic
analyses such as FSC2 and other demographic simulation programs
(e.g., Moments, dadi) show increased ability to differentiate between
alternative models with increasing dataset size. Our holobiont FSC2
analyses showed a clear preference between the 2" and 3" best
models, whereas our aposymbiotic FSC2 analyses did not (Table 3).
If employing a conspecific genome, the impact on the resulting
dataset size may be minimal, but using a genome from a more
distant relative may result in a significant reduction in dataset size.
Our study demonstrates that reference genomes within the same
anthozoan family may serve as adequate genomic resources, but
reference genomes that are simply within the same order are too
distant to serve in the same capacity, at least for actiniarians: only
five loci from B. annulata (suborder Anthemonae, superfamily
Metridioidea, family Aiptasiidae) mapped to the genome of
Nematostella vectensis (suborder Anenthemonae, superfamily
Edwardsioidiea, family Edwardsiidae), and no more than 16 loci
mapped to N. vectensis in our broader comparative dataset
assembly analyses. For larger families or families known to be

Heredity (2022) 128:338-351



non-monophyletic (e.g.,, Actiniidae: Daly et al. 2017; Hormathiidae:
Gusmao et al. 2020; Stichodactylidae: Titus et al. 2019b), a single
family-level reference genome is likely to be insufficient.

For reduced representation approaches for symbiotic
anthozoan groups without access to reference genomes or for
researchers that decide against using them, we recommend that
studies 1) employ extensive geographic sampling, or sample
broadly across ecologically disjunct habitats (i.e., depth, tempera-
ture, nutrient concentration) to maximize the likelihood of
sampling hosts that harbor diverse symbiodiniaceans, and 2)
demonstrate empirically that multiple genera of Symbiodiniaceae
are represented in the collected samples via PCR or sequencing
(e.g., ITS, cp23s). In host species with highly specific endosymbiont
associations, the approach to sampling and sequencing we
describe here may be ineffective, as orthologous symbiodiniacean
loci might be present in all samples and sample localities and de
novo clustering programs may not filter them out. In these cases,
employing approaches like those of Bongearts et al. (2017) or
Leydet et al. (2018) may be required. We also recommend that
studies using the assembly program pyRAD employ more
conservative clustering and missing data thresholds, as these
parameter settings produced the most consistent results. In Stacks,
parameter settings had minimal effect on the inferred final
population genetic structure, but the program also seemed to
produce datasets with a weaker genetic structure overall.

Understanding the evolutionary and historical processes that
have shaped the diversity of tropical anthozoans has been, and
will continue to be, an important research priority for marine
population geneticists (Bowen et al. 2013; Bowen et al. 2016). Our
case study presents a promising framework and way forward for
researchers wishing to employ these reduced representation
sequencing approaches on symbiotic anthozoan species that do
not have reference genomes readily available.

DATA AVAILABILITY
All files and raw data are available on Dryad (https:/doi.org/10.5061/dryad.
kkwh70s6p).
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