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The processes that control diversification and speciation in deep-sea species are poorly
known. Here, we analyzed data produced by Restriction-Site Associated DNA Sequencing
(RAD-Seq) of octocorals in the genus Paramuricea to elucidate diversification patterns and
examine the role of environmental gradients in their evolution. The genus Paramuricea
evolved around 8 MYA, with a high probability of a broad ancestral depth range from
mesophotic depths to the deep sea. At around 1-2 MYA, the genus diversified across the
continental slope of the deep North Atlantic, supporting the depth-differentiation
hypothesis, with no invasions back into shallower depths (< 200 m). Diversification in the
deep sea generally occurred from shallower, warmer waters to deeper, colder depths of
the lower continental slope. We also found that the vertical structure of water masses was
influential in shaping phylogeographic patterns across the North Atlantic Ocean, with
clades found in either upper/intermediate or intermediate/deep water masses. Our data
suggest that species diverged first because of environmental conditions, including depth,
temperature, and/or water mass, and then diversified into different geographical regions
multiple times. Our results highlight the role of the environment in driving the evolution and
distribution of Paramuricea throughout the deep sea. Furthermore, our study supports
prior work showing the utility of genomic approaches over the conventionally-used DNA
barcodes in octocoral species delimitation.
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INTRODUCTION

Contemporary and historical evolutionary processes that
generate diversity in the deep sea (>200 m) remain poorly
understood (Thistle, 2003), particularly as compared to
shallow-water marine systems. Yet, diversity in the deep sea
can be high in certain areas and depths (e.g., mid-bathyal region),
and in some cases it rivals diversity estimates in shallow-water
coastal habitats (Hessler and Sanders, 1967; Sanders, 1968;
Grassle, 1989). While species turnover can rapidly occur across
depth (see Rex and Etter, 2010), many deep-sea species have
broad biogeographic ranges, often spanning entire ocean basins
(see McClain and Hardy, 2010). Long planktonic larval durations
(Hilário et al., 2015) and long-distance dispersal (Baco et al.,
2016) combined with a lack of dispersal barriers in the deep sea
seem to promote a high degree of connectivity across large spatial
scales (Wilson and Hessler, 1987; McClain and Hardy, 2010). In
addition, certain habitats might serve as ‘stepping stones’ to
larval dispersal, increasing the degree of connectivity within a
metapopulation (Smith et al., 1989; Van Dover et al., 2002;
Breusing et al., 2016; Miller and Gunasekera, 2017). With
seemingly no physical barriers to limit dispersal or promote
reproductive isolation (see Wilson and Hessler, 1987; McClain
and Hardy, 2010), the question remains as to what processes
generate new species in this vast environment.

Several hypotheses have been suggested to explain how
diversity is generated and maintained in the deep sea. One is
the Depth-Differentiation hypothesis (sensu Rex and Etter,
2010), which suggests that most deep-sea biodiversity is
generated on the continental slope due to habitat heterogeneity
and different selective regimes. Other hypotheses have suggested
that deep-sea diversity is maintained by immigration of
populations (Radiation hypothesis, Holt, 1985) and expansion
and diversification of lineages from shallow waters (Onshore-
Offshore hypothesis, Jablonski et al., 1983; Bottjer and Jablonski,
1988) due to a variety of factors (e.g., anoxic events, biological
interactions, disturbance events). These various hypotheses are
likely not mutually exclusive but rather, together, can explain
how diversity patterns are governed from the shelf break to
the abyss.

In most cases, environmental conditions are key in helping to
explain the maintenance and generation of diversity in the deep
sea (e.g., Gooday, 2002; Smith et al., 2008; Rex and Etter, 2010).
Contrary to historical views, the deep seafloor and the overlying
water column can be quite heterogeneous in nature. The
topography of the seafloor, particularly on the continental slope,
is complex and can change across depth and geographic location
on both large (e.g., seamounts, submarine canyons, cold seeps,
coral-built mounds) and small (e.g., sediment burrows and waves,
hardbottom type and extent) spatial scales, helping to shape
diversity patterns in the deep sea (see Levin et al., 2010; Levin
and Sibuet, 2012). In addition to topographic complexity, several
environmental parameters including temperature, hydrostatic
pressure, oxygen, pH, salinity, nutrients, and food supply can
change with increasing water depth. Still, the rate of change of
most variables (except for pressure) depends on geographic
location. Several of these properties (e.g., temperature, salinity,
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oxygen) are linked directly to water mass structure, which has
implications for controlling biogeographic patterns (see
Auscavitch et al., 2020; Puerta et al., 2020; Roberts et al., 2021).
For example, water masses that move across ocean basins might
promote larval dispersal while the density interfaces between them
might constrain dispersal (Miller et al., 2010; Quattrini et al., 2017;
Bracco et al., 2019). Regional and biogeographic species models
often list hydrographic regimes as important variables shaping the
distribution of deep-sea benthic organisms (e.g., Kenchington
et al., 2019; Puerta et al., 2020). If hydrographic, topographic,
and other environmental conditions are important variables
shaping ecological distributions of deep-sea benthic organisms,
then these factors are also likely to have a strong influence on the
evolution and diversification of species in the deep sea.

Deep-sea (cold-water) corals are ubiquitous throughout the
world’s oceans. In particular, octocorals in the genus Paramuricea
Kölliker, 1865 are common inhabitants of a variety of deep-sea
habitats, where they occur in large aggregations on existing hard
bottoms (e.g., seamounts, submarine canyons, and authigenic
carbonates) (Thoma et al., 2009; Doughty et al., 2014; Quattrini
et al., 2015a). Currently, there are 19 valid species in this genus
(WoRMS Editorial Board, 2022) that occur worldwide down to
depths of approx. 2400 m (NOAA Deep-Sea Coral Data Portal,
2022), with only one species known primarily in shallow waters
(P. clavata, Linares et al., 2008). Like other octocorals,
Paramuricea is ecologically important. Colonies can host
mutualistic symbionts (e.g., Asteroschema spp., Girard et al.,
2016) and serve as important habitat for fishes (Edinger et al.,
2007; Husebø et al., 2002; Miller et al., 2012). Some Paramuricea
species are also long-lived and slow-growing, with continuous life
spans of over 600 years (Prouty et al., 2016). Species in this genus
are thus highly susceptible to anthropogenic impacts. Indeed,
thermal stress events and oil spills have resulted in mass
mortalities in the Mediterranean Sea (Bavestrello et al., 1994;
Linares et al., 2005) and Gulf of Mexico (White et al., 2012; Fisher
et al., 2014), respectively, and regional efforts to restore habitat
are ongoing. Determining the bathymetric and geographic
distribution of evolutionary lineages, their physiological
tolerances, phylogenetic diversity, and the potential for
connectivity among depths and locations are important
components for the effective restoration and conservation of
this genus.

The distribution of genetic diversity across spatial scales and
environmental parameters (i.e., seafloor and hydrographic
features) has been investigated in Paramuricea from the North
Atlantic and the Mediterranean Sea. In the Mediterranean Sea,
two endemic species, P. clavata and P. macrospina, occur at
depths down to 200 m (Bo et al., 2012; Grinyó et al., 2016). It has
been hypothesized that these species arose from a vicariance
event linked to the Messinian and Gelasian salinity crises
(Poliseno et al., 2017). For P. clavata, populations are isolated
by both depth and distance (Mokhtar-Jamaï et al., 2011; Pérez-
Portela et al., 2016). In the broader North Atlantic, different
Paramuricea genetic types (mtMutS, COI, and/or nuclear 28S
rDNA) can be found on the same feature (i.e., seamount, Thoma
et al., 2009) and across regions (Radice et al., 2016), but they can
also segregate by depth within regions (Doughty et al., 2014).
April 2022 | Volume 9 | Article 849402
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Doughty et al. (2014) suggested that either oceanographic
conditions physically limit larval dispersal across depth, or
alternatively, species have different physiological tolerances to
depth-related environmental variables. Following Doughty et al.
(2014), Radice et al. (2016) suggested that water masses are
important conduits for promoting dispersal within depth bands
while limiting dispersal across depth, a conclusion that is also
supported by population genetic and larval dispersal studies of
other North Atlantic species (e.g., Quattrini et al., 2015b; Bracco
et al., 2019; Kenchington et al., 2019). More recently, seascape
genomics (Galaska et al., 2021) and larval dispersal models (Liu
et al., 2021) demonstrated that populations of Paramuricea in the
Gulf of Mexico are structured across depth; however, this
structuring was observed within the same water mass (i.e.,
primarily North Atlantic Deep Water, > 1000 m). Paramuricea
is an exemplar system to understand how oceanographic and
other environmental conditions, both past and present, have
influenced the diversification and distribution of deep-sea corals.

Prior phylogenetic and phylogeographic studies on
Paramuricea spp. have relied primarily on the commonly-used
mitochondrial DNA (mtMutS+igr+COI) and 28S rDNA barcodes
(Thoma et al., 2009; Doughty et al., 2014; Radice et al., 2016).
These barcodes can be useful for delineating closely-related
species within some genera, but they are slowly-evolving
markers (Huang et al., 2008; Shearer & Coffroth, 2008) and do
not accurately delimit species in all genera, especially those that
are speciose and represent recent and rapid radiations (McFadden
et al., 2011; McFadden et al., 2014; Pante et al., 2015; McFadden
et al., 2017; Quattrini et al., 2019). Even when they work well to
help delimit species, these markers often have no intraspecific
variation, making them ineffective for phylogeographic studies.
Thus, it is clear that other genetic markers are needed.
Frontiers in Marine Science | www.frontiersin.org 3
In this study, we used a Restriction-Site Associated DNA
Sequencing (RAD-Seq) approach to construct a species tree of
Paramuricea spp. and explore the origin and diversification of
species inhabiting the deep North Atlantic Ocean. Numerous
studies have shown the effectiveness of RAD-Seq in
differentiating populations and species and resolving
phylogenetic relationships among closely-related species that
have recently and/or rapidly diverged (Reitzel et al., 2013;
Herrera et al., 2015; Herrera and Shank, 2016; Bracco et al.,
2019; Quattrini et al., 2019; Galaska et al., 2021). We then used
divergence dating, ancestral state reconstruction, and a dispersal-
extirpation-cladogenesis model to illuminate the biogeographic
history of this genus. Specifically, we examined whether: 1) deep-
sea species diversified from ancestors in shallower and/or
warmer waters (onshore-offshore hypothesis) and 2) water
masses shaped the depth (depth-differentiation hypothesis)
and/or geographical range evolution of this genus across the
North Atlantic Ocean. This dataset also allowed us to compare
topologies produced from concatenated RAD-Seq data and a
multispecies coalescent species tree with those generated from
the conventionally-used mtMutS+28S rDNA barcodes.
MATERIALS AND METHODS

Specimen Collection and Preparation
Sixty-nine samples were collected from multiple sources and
locations throughout the North Atlantic and Mediterranean Sea
at depths of 30 to 2,312 m (Figure 1 and Tables 1, S1). Most
specimens used for sequencing were preserved onboard the ship
in 95% EtOH and stored either at room temperature or frozen at
-20°C (Table S1). However, the samples collected off Canada
FIGURE 1 | (A) Map of sampling locations. blue = Gulf of Mexico, yellow = NE United States, light blue = Canada, green = Ireland, pink = Mediterranean Sea.
(B) Paramuricea sp. 3, with associated brittle stars and squat lobsters, in the Gulf of Mexico at 1050 m depth.
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were frozen on board the ship at -20°C and then transferred to
100% EtOH and stored at room temperature (Table S1).

Small sections of the axis (1-2 polyps in length) were treated
with an 8% sodium hypochlorite solution to dissolve organic
matter, followed by one rinse with 3% hydrogen peroxide, one
rinse of deionized water, and three rinses of 95% ethanol. Sclerites
were then sorted using an ultrafine bristle paintbrush and assessed
using a JEOL 5600LV Scanning Electron Microscope and a
compound microscope (Supplemental File 1). Sclerite sizes
were measured with JEOL visualization software. Specimens
have been given tentative species names or designations based
on morphological characters (Deichmann, 1936; Grasshoff, 1977;
Table 2) combined with RAD-Seq results; however, we
acknowledge that all await further taxonomic confirmation as a
comparison to typematerial is essential. Therefore, we retained the
use of cf. (to confer) or aff. (affinity to) for some of the
morphospecies designations (Table 2).

DNA was extracted using a Qiagen DNeasy kit following the
manufacturer’s protocol. DNA concentration was assessed using
a Qubit v 2.0 fluorometer with a Broad Range Assay Kit. Quality
was assessed by running 100 ng of DNA for each sample on a 1%
Frontiers in Marine Science | www.frontiersin.org 4
agarose gel and checked with a NanoDrop spectrophotometer.
Normalized (20 ng per ul), high-quality (230/260 and 260/280
ratios >1.8) DNA was sent to Floragenex Inc (Eugene, OR) for
RAD-Seq library preparation. Libraries were constructed for
each of the 69 samples using the 6-cutter PstI enzyme. Due to
some degradation of DNA, two libraries were constructed for a
subset of the samples (n=47). Each library was sequenced (100 bp
SE reads) on one and a quarter lanes of an Illumina HiSeq2500
(University of Oregon’s Genomics and Cell Characterization
Core Facility lab).

Bioinformatics and Phylogenetic Analysis
of Barcoding Data
In addition to RAD-Seq, two gene regions (mtMutS, 28S rDNA)
used widely for barcoding in octocorals were PCR-amplified and
Sanger-sequenced using published primers and protocols
(McFadden et al., 2011; McFadden et al., 2014). mtMutS and
28S rDNA sequences of Paramuricea were aligned separately
using the E-INS-i method in MAFFT (100PAM/k=2, gap open
penalty 1.53, Katoh and Toh, 2008) and then concatenated.
Additional, outgroup sequences from the octocoral families
TABLE 1 | Specimen collection information.

Region # Specimens Years Collected Collection Gear Depth Range (m)

Labrador Sea 5 2005-2011b trawls, bottom longlines, gillnets 827-1314
Gulf of Maine 1 2012 ROV Kraken II 230
Baltimore Canyon 1 2013 ROV Video Ray 382
Gulf of Mexico 41 2009-2011a,b, 2017 ROVs Jason, Schilling HD, Global Explorer HOV Alvin 261-2441
Whittard Canyon 16 2014-2016 ROV Holland I 1011-2135
Mediterranean Sea 5 2010 to 2013 30-80
April 2022 | Volume
Specimens published in aDoughty et al., 2014, bRadice et al., 2016.
TABLE 2 | Morphological characters for putative species.

Thornscale sclerites Coenenchyme sclerites

Paramuricea
clavata

Projection: Long, varying from wide and robust to more slender, warty. Base: Wide plates with
few irregular lacinations

Warted spindles and rods

Paramuricea grayi Projection: Long and robust, moderately pointed, warty. Base: Wide plates with rounded lobular
projections, warty; 3.5 L:W

Robust warted spindles

Paramuricea
macrospina

Projection: Long and slender highly pointed, relatively smooth. Base: Narrow plates with long
acute lobes; 4.9 L:W

Relatively smooth spindles

Paramuricea sp. 1 Projection: Short to moderate, narrow pointed, smooth. Base: Wide plates with irregularly
developed rounded lateral lobes; relatively smooth; 1.2 L:W

Warted spindles and small rods

Paramuricea sp.
2#

Projection: Short, triangular and pointed, smooth to lightly textured. Base: Wide plates with
irregularly developed rounded and pointed lateral lobes; relatively smooth; 1.3 L:W

Warted spindles and small rods

Paramuricea sp.
3*

Projection: Short, mostly round but some pointed; smooth. Base: Plates with irregularly
developed rounded lateral lobes, few in number; 1.0 L:W

Warted spindles, and branched-spindles

Paramuricea sp. 4 Projection: Moderate, blunt with granulated surface. Base: Irregularly shaped, narrow plates with
irregularly developed small lateral lobes; 2.4 L:W

Warted spindles and rods

Paramuricea cf.
placomus var. 1

Projection: Moderate to long, relatively smooth, pointed projections. Base: Smooth, mostly narrow
plates with irregularly developed pointed and rounded small lateral lobes; 2.8 L:W

Warted spindles, bent warted rods

Paramuricea cf.
placomus var. 2^

Projection: Ranging from long and blunt with granulated surface to short, foliate forms. Base:
Granulated, wide plate with irregularly developed pointed lobes; 1.2 L:W

Warted spindles, bent warted rods

Paramuricea aff.
biscaya

Projection: Short, with both pointed and blunt forms, overall triangle shape, granulated. Base:
Mostly smooth plate with irregularly developed, rounded large lateral lobes; 1.4 L:W

Warted spindles, lacinated plates, lacinated
plates with rounded projections in the center

Paramuricea cf.
biscaya

Projection: Moderate to long relatively smooth to granulated, pointed. Base: Mostly smooth, wide
plates with irregularly developed, rounded lateral lobes; 2.3 L: W

Warted spindles, lacinated plates
Subscripts denote mutS genetic types as follows * type B3, # type E, ^type A as in prior studies in the Gulf of Mexico (Doughty et al., 2014; Radice et al., 2016), L:W: length to width ratio
of thornscale.
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Acanthogorgiidae (Acanthogorgia), Gorgoniidae (Pacifigorgia),
and other plexaurid genera (Thesea, Villogorgia, Muriceides,
Bebryce, Plexaura) were downloaded from GenBank and
included in the analyses to determine the relationship of
sample LII-501 (an unidentified species in the family
Plexauridae) to the other Paramuricea samples. Plexaura kuna
was used as the outgroup, as this genus has been previously
shown to fall outside of the other included taxa in larger datasets
(Wirshing et al., 2005; McFadden et al., 2006).

MOTHUR v1.44 (Schloss et al., 2009) was used to delimit
molecular operational taxonomic units (MOTUs) based on
genetic distance thresholds applied to each gene separately and
to the concatenated dataset of mtMutS+28S (e.g., McFadden
et al., 2014; Quattrini et al., 2019). The distseq method was used
to calculate uncorrected pairwise distances, counting a string of
gaps as one (calc=onegap) without penalizing gaps at the ends
(countends=F). Phylogenetic trees were constructed separately
for mtMutS, 28S rDNA, and the concatenated dataset using
maximum likelihood (IQTree; Nguyen et al . , 2015)
(Supplemental Figure S1). We used the built-in program
ModelFinder (-m MFP+Merge, Kalyaanamoorthy et al., 2017)
to identify the best partitioning scheme and models of evolution
(Bayesian Information Criterion, BIC) to use in these analyses
(mtMutS: K2P+R2; 28S rDNA: TPM2u+F+G4). Both ultrafast
bootstrapping (-bb 1000, Hoang et al., 2018) and the Sh-like
approximate likelihood ratio test (-alrt 1000, Guindon et al.,
2010) were performed.

Bioinformatics and Phylogenetic Analysis
of RAD-Seq Data
Sequence reads were de-multiplexed and trimmed for low quality
using the process_radtags program in Stacks v 1.35 (Catchen et al.,
2013). Illumina adapters and barcodes were excluded from reads,
and lengths were truncated (-t) to 91bp. The rescue barcodes and
RAD-tags options were enabled (-r). Reads with ambiguous bases
(-c) and low-quality scores (-q, <10) were discarded. The default
sliding window (-w 0.15) and average score (-s 10) for filtering
were used. ipyrad v0.9.6 (Eaton and Overcast, 2020) was then
used for additional filtering and clustering of sequences to identify
homologous loci. ipyrad enables the identification of homologous
loci across highly divergent samples by including indel variation
in the clustering process (Eaton, 2014). Parameters were left at
default values, based on recommendations in the ipyrad manual
(https://ipyrad.readthedocs.io/). They included the maximum
number of low-quality bases (phred quality score <20) per read
of five, removal of low-quality reads (with more than five of bases
with a phred quality score <20), short (< 35 bp) reads, and reads
with more than five Ns, in addition to a strict filter for adapters.
To detect potential paralogs, we changed the maximum number
of heterozygous sites retained in a locus to 25% across samples to
reduce the chances of clustering paralogs with fixed differences.
We also used a clustering threshold of 85% based on previous
RAD-Seq studies of octocorals (Pante et al., 2015; Herrera and
Shank, 2016; Quattrini et al., 2019). Different datasets (Table 3)
were generated in step seven of the ipyrad pipeline for analyses
outlined below.
Frontiers in Marine Science | www.frontiersin.org 5
A phylogeny of all taxa (n=69 individuals) was constructed
using IQTree with a concatenated data matrix of no more than
25% missing taxa per locus (Table 3). The best fit model (-m
MFP, Kalyaanamoorthy et al., 2017) was chosen (TVM+F+R5)
using BIC followed by maximum likelihood analyses with
ultrafast bootstrapping (-bb 1000, Hoang et al., 2018) and the
Sh-like approximate likelihood ratio test (-alrt 1000, Guindon
et al., 2010). RAxML v 8 (Stamatakis, 2006) was also used to
construct a phylogeny using a GTR+G model and rapid
bootstrapping; a total of 20 ML searches and 200 bootstrap
replicates were performed. Trees were visualized with FigTree
and rooted to the unidentified Plexauridae (sample LII-501) as
this was an appropriate outgroup supported by our mtMutS and
28S results (Supplemental Figure S1).

Structure v2.3 (Pritchard et al., 2000) was used to define
putative species of Paramuricea to help guide the coalescent-
based SNAPP analyses (below). We used an unlinked SNP
dataset (u.str file from ipyrad) with a maximum of 25% missing
taxa per locus (Table 3) for the deep-sea (> 200 m depth) clade.
Structure was run in parallel with StrAutoParallel v 1.0 (Chhatre
and Emerson, 2017) using an admixture model with correlated
allele frequencies. Burnin was set to 25,000 followed by 1,000,000
MCMC generations. The inferred number of populations (K) was
set from 1 to 12, and 10 runs of each K were conducted. Because
the commonly used DK method often finds only the uppermost
genetic structure (Evanno et al., 2005; Janes et al., 2017), which is a
likely scenario when examining several metapopulations, we chose
three K values to plot based on the three increases apparent in DK
values (Supplemental File 2) from Structure Harvester (Earl and
Vonholdt 2012). The ten runs for each of those K values (K=4, 6,
and 10) were aligned with CLUMPP v 1.2 (Jakobsson and
Rosenberg, 2007), and the resulting indivq file was input into
Distruct v. 1.1 (Rosenberg, 2004) for the graphical display of
individual population assignments.

Coalescent-based SNAPP v 1.3 (Bryant et al., 2012) analysis
was used to infer the species tree using unlinked SNPs (Table 3).
Prior to SNAPP analysis, the full dataset was subsampled in ipyrad
(step 7) to ≤ 3 individuals per population per putative species with
no more than 10% missing taxa per locus (SNAPP_subset1
dataset). Using the unlinked_SNPs_to_nexus.py script (https://
github.com/brunoasm/usnps_to_nexus written by B.
deMedeiros), unlinked SNPs (usnps file from ipyrad) were
converted into a binary nexus file. BEAUti v2.6 (Bouckaert
et al., 2019) was used to create an xml file. Mutation rates
(u=3.333, v=0.588) were set based on Quattrini et al. (2019), and
the coalescent rate parameter was estimated during the MCMC.
The Yule tree prior was set to a gamma distribution with default
alpha (2.0) and beta (200) parameters, and the ancestral
population sizes were set at the default gamma distribution
priors. One run (MCMC=2M generations, samplefreq=1000)
was performed in BEAST2 v2.6 (Bouckaert et al., 2019) using
CIPRES (Miller et al., 2010). Convergence (effective sample size,
ESS, values > 200) and mixing were checked in Tracer v. 1.7
(Rambaut et al., 2018). Tree topologies were drawn in DensiTree
v2.2 (Bouckaert, 2010). A maximum clade credibility tree and
posterior probabilities were generated with Tree Annotator v 2.3
April 2022 | Volume 9 | Article 849402
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(burnin=25%, mean heights, Bouckaert et al., 2014). We also
repeated the SNAPP analysis with another subsampling of the
dataset (SNAPP_subset2) to examine potential bias
in subsampling.

Phylogeographic Analyses
Divergence dating estimation was conducted in SNAPP v 1.3
following the tutorial (https://github.com/ForBioPhylogenomics/
tutorials/tree/main/divergence_time_estimation_with_snp_data)
and based on the methods of Stange et al. (2018) to determine the
timing of diversification of Paramuricea into deep water. The ruby
script snapp_prep.rb was used to generate an xml file based on
unlinked SNPs. The SNAPP maximum clade credibility tree was
used as a topology constraint. Two relative dates were used based
on 95% highest posterior density (HPD) node ages from Poliseno
et al. (2017). We approximated these 95% HPD intervals for the
ingroup and the clade containing P. clavata and P. grayi using
lognormal distributions in real space. Lognormal distributions
were centered around 7.7 and 4.2 MYA with standard deviations
of 0.28 and 0.4 MYA for the ingroup (4.2-12.8 MYA 95% CI) and
the clavata/grayi (1.8-8.5 MYA 95% CI) clades, respectively. A
strict clock was also used, mutation rates were set as noted above,
and the effective population sizes were unlinked. One run
(MCMC=1M generations, samplefreq=1000) was performed in
BEAST2 v2.6 (Bouckaert et al., 2019) using CIPRES (Miller et al.,
2010). Convergence and ESS values > 200 were confirmed in
Tracer v. 1.7. A maximum clade credibility tree with 95% HPD
ages was generated with Tree Annotator v 2.3 (burnin=25%,
mean heights).

To examine the ancestral depth ranges of Paramuricea, we
used the Bayesian dispersal- extirpation-cladogenesis (DEC)
model (Ree and Smith, 2008) implemented in RevBayes
(Höhna et al., 2016). Ancestral ranges of shallow-mesophotic
(10-200 m) and deep-sea (> 200 m) depths were estimated
following the guidelines in the online tutorial on simple
analysis of historical biogeography (https://revbayes.github.io/
tutorials/biogeo/biogeo_simple.html). The ultrametric SNAPP
tree constructed without the clock model, with the topology
that matched the concatenated analyses (undated-
SNAPP_subset1), was input into RevBayes. To estimate depth
ranges for each putative species/population, we used the depths
from sample collections supplemented by depth records in the
literature (Deichmann, 1936; Grasshoff, 1977) in cases where we
were confident about species identities. We also estimated the
ancestral ranges of Paramuricea in particular water masses to
determine whether water masses facilitated the dispersal of deep-
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sea species across the North Atlantic Ocean. Water masses that
are most often found at particular depths in each of the regions
(following Rivas et al., 2005; Townsend et al., 2015; Wilson et al.,
2015; Georgian et al., 2016; Aldama-Campino and Döös, 2020;
Liu and Tanhua, 2021) were used in analyses: Antarctic
Intermediate Water (AAIW), Labrador Sea Water (LSW),
North Atlantic Central Water (NACW), Mediterranean
Overflow Water (MOW), and North Atlantic Deep Water
(NADW) (see Figure 1). In RevBayes, the number of
generations (MCMC) was set to 5000. The R package
RevGadgets (Tribble et al., 2022) was then used to generate
phylogenies with the 1st through 3rd most probable ancestral
ranges shown (as pie charts) before and after cladogenic events.

We also modeled continuous trait evolution of temperature
and depth ranges to further elucidate the ancestral states of the
environment in the deep-sea clade. We used the contMap
function in the R package phytools (Revell, 2012). This
mapping approach uses a fast estimation of the most likely
ancestral states at each node. For this analysis, we used the
IQTree tree generated with concatenated data for all 69
individuals. Depth of collection was used as the depth data.
Temperature data were taken from modal temperatures of water
masses (following Rivas et al., 2005; Townsend et al., 2015;
Wilson et al., 2015; Aldama-Campino and Döös, 2020; Liu and
Tanhua, 2021) where those water masses occur in each region.
We chose to use these water mass temperatures instead of
temperatures taken at the time of collection because we expect
that long-term temperatures, as reflected in water masses, are
more important in the evolution of this genus than a “snapshot”
that is captured during a single collection time.
RESULTS

Morphological Data
Diagnostic sclerites were apparent for each shallow/mesophotic
species and for the monophyletic groups/genetic clusters of
individuals from deep waters as identified in RAD-Seq analysis
(see below). Hereafter, we refer to these species as: P. clavata, P.
grayi, P. macrospina, P. sp. 1- 4, P. cf. placomus, P. cf. biscaya,
and P. aff. biscaya. All putative species exhibited differences in
the morphology of the calicular thornscales and/or sclerites in
the coenenchyme of the axis or calyx (Table 2, Supplemental
File 1). P. aff. biscaya was similar to P. cf. biscaya, but P. aff.
biscaya differed by the presence of lacinated plates with rounded
projections in the coenenchyme. P. sp. 1 and 2 were also
TABLE 3 | Locus statistics from ipyrad output files for datasets used in different analyses.

Dataset Number of
Samples

Missing Taxa Per Locus
(%)

Number of
Loci

Alignment length
(bp)

Number of
SNPs

Number of Unlinked
SNPs

Analysis

Para_Full 69 25 2,861 249,438 29,202 2,854 RAxML,
IQTREE

Para_DWC 63 25 3,860 336,299 30,684 3,821 STRUCTURE
SNAPP_subset_1 37 10 1,005 87,176 9,608 958 SNAPP
SNAPP_subset_2 37 10 850 73,712 8,412 802 SNAPP*
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morphologically similar but differed in that P. sp. 2 had
triangular projections in thornscales. P. sp. 3 contained unique
branched spindles in the coenenchyme, which were not observed
in the other clades. Two morphological variants for P. cf.
placomus were observed, with differences in the size of the
thornscale projection. However, genetics did not distinguish
these as separate lineages (see below).

DNA Barcode Data
We obtained mtMutS and 28S rDNA sequences for 59 and 56
Paramuricea individuals, respectively. The mtMutS alignment
was 735 bp, 28S was 652 bp, and the concatenated alignment was
1,387 bp. Although a monophyletic deep-sea (> 200 m) clade was
recovered in all phylogenies, the topologies were largely
Frontiers in Marine Science | www.frontiersin.org 7
incongruent with respect to the placement of the mesophotic
species P. macrospina and several putative species within the
deep-sea clade (Supplemental Figure 1). In addition, most
nodes were poorly supported (< 90% b.s.) in each phylogeny,
except the node for the entire Paramuricea clade.

Based on a 0.3% genetic distance threshold, the mtMutS
barcode identified seven molecular operational taxonomic units
(MOTUs): one MOTU each for the Plexauridae outgroup, P.
clavata. P. grayi, P. macrospina; and three MOTUs in the deep-
sea clade, but none was congruent with the RAD-Seq phylogeny
or Structure analyses (Figure 2). For 28S, seven MOTUs were
designated at a 0.3% genetic distance threshold: one MOTU each
for Plexauridae, P. macrospina, P. clavata/grayi; and four
MOTUs in the deep-sea clade. The MOTUs based on 28S for
FIGURE 2 | Maximum likelihood phylogeny from concatenated RAD-Seq data (2,861 loci, 249,438 SNPs) generated by IQTree. STRUCTURE membership of
probability graphs (K=4, 6 and 10) for the deep-sea clade (3,821 unlinked SNPs) included. Molecular operational taxonomic units (MOTUs) assigned by Mothur
analysis (color-coded, grey=unavailable) for mtMutS, 28S, and ‘Both’ genes. Branches are color-coded to sampling location. Node labels represent support values
(*>95% support) from RAxML rapid bootstrapping/SH-like approximate likelihood ratio test/IQTree ultrafast bootstrapping for each putative species (see
supplemental data for all support values in .tre file). The phylogeny is rooted to an unidentified species of Plexauridae.
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the deep-sea clade corresponded largely with monophyletic
clades of the RAD-Seq phylogeny but did not correspond with
groupings of the Structure analysis (Figure 2). Based on a 0.3%
genetic threshold, the concatenated mtMutS+28S barcode
designated nine MOTUs: one MOTU each for Plexauridae, P.
macrospina, P. clavata, and P. grayi; and five MOTUs in the
deep-sea clade, none of which were congruent with the RAD-Seq
phylogeny or Structure analyses (Figure 2).

RAD-Seq Data
After trimming and filtering in both stacks and ipyrad, 307M
reads were retained for 69 Paramuricea individuals. On average,
13% of reads were removed due to unmatched RAD tags, low
quality and unambiguous bases, and short reads. The mean
number of reads retained per sample was 4,453,204 ± 3,589,920
SD. The dataset, allowing for 25%missing data per locus, included
2,266 ± 600 SD loci per sample. In total, 29,202 SNPs were
obtained, and the alignment matrix consisted of 249,438 bp.

The phylogeny based on a concatenated RAD-Seq data
alignment (249,438 bp) was well supported at most nodes, based
on rapid and ultrafast bootstrapping and the Sh-like approximate
likelihood ratio test implemented in IQTree (Figure 2). The
RAxML and IQTree topologies were largely congruent. The only
exceptions were the relationships among populations of P. cf.
placomus. RAxML recovered a sister relationship between the
Ireland and GoM samples and IQtree recovered a sister
relationship between GoM and NE United States samples.

The undated-SNAPP_subset1 species tree (Figures 3A, B)
inferred from 958 unlinked SNPs (Table 3) was strongly
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supported (> 95%) at only 50% of the nodes. Still, the
recovered relationships largely matched those in the
concatenated tree analyses. The only exception was that P.
placomus clade was sister to P. sp. 1 and 2 in the SNAPP
analysis with 100% support (Figures 3A, B). Relationships
recovered in the undated-SNAPP_subset2 species tree, inferred
from 802 SNPs and a different subset of individuals
(Supplemental Figure S3), were incongruent with other
topologies. Inferences from this dataset placed the unidentified
plexaurid (LII-501) as sister to P. clavata/grayi (90% pp support)
and P. aff. biscaya sister to P. sp. 3 (70% pp support,
Supplemental Figure S3). The dated-SNAPP_subset1 and
SNAPP_subset2 species trees also produced somewhat
dissimilar topologies (Figure 3C and Supplemental Figure 3)
from the undated analyses. In the dated-SNAPP_subset 1 tree, P.
sp. 4 was sister to P. sp. 3 (68% pp support, Figure 3C) whereas
the dated-SNAPP_subset2 tree matched the undated-
SNAPP_subset2 tree (Supplemental Figure 3).

A monophyletic deep-sea (> 200 m) clade was recovered with
strong support in all tree topologies inferred from RAD-Seq data
(Figures 2, 3 and Supplemental Figure S1). The deep-sea
samples formed seven well-supported monophyletic clades
within the deep-sea clade, four of which contained individuals
from multiple locations (i.e., Ireland and the GoM). However,
these monophyletic clades were not recovered in the mtMutS
+28S phylogeny (Supplemental Figure S1).

Structure analyses were conducted on the deep-sea clade
(n=63 individuals) using 3,821 unlinked SNPs (Table 3 and
Figure 2). The DK method of Evanno indicated that the most
A B

C

FIGURE 3 | Species tree of Paramuricea using SNAPP_subset1 (958 unlinked, bi-allelic SNPs). (A) Cloudogram includes the undated maximum clade credibility
(MCC) tree and congruent trees in blue and trees with different topologies in red and green. Tips are color-coded to sampling location. (B) Undated MCC tree with
posterior probabilities at internal nodes. (C) Dated MCC Tree with posterior probabilities at internal nodes.
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likely number of K groups was 4 (Supplemental Figure S2),
corresponding to: 1) P. sp. 1 and 2, 2) P. cf. placomus, 3) P. sp. 3,
and 4) a cluster of P. cf. biscaya, P. aff. biscaya, and P. sp. 4.
However, because DK often finds only the uppermost structure in
a hierarchical system, we plotted the membership probability for
K=6 and 10 as indicated by the DK plot (Supplemental Figure
S2). Both analyses further separated P. biscaya, P. aff. biscaya,
and P. sp. 4 into three distinct clusters. K=6 indicated that P. sp. 1
and sp. 2 are grouped, whereas the K=10 and K=4 analysis
indicated some differentiation between these two morphospecies.
Thus, we chose the cluster designations as indicated in the K=10
Structure plot for subsequent analyses. These cluster
designations also matched morphospecies designations.

Phylogeographic Analyses
Divergence dating of the SNAPP_subset1 and SNAPP_subset 2
species trees indicated that Paramuricea arose approximately 8
MYA (5-13 MYA 95% CI). Around 4.5 MYA (1.9-7.0 MYA 95%
CI), P. macrospina and the deep-sea clade diverged from one
another (Figure 3C). At about 2 MYA (1.0-3.3 MYA 95% CI),
both Paramuricea clavata and P. grayi diverged from one
another. The deep-sea clade diversified into the deep North
Atlantic around 1 to 2 MYA (0.5-3.0 MYA 95% CI).

Several putative species within the deep-sea clade, supported
by tree inferences from RAD-Seq data and the SNAPP species
trees (Figures 2, 3 and Supplemental Figure 3), comprised
specimens from different geographic locations across the North
Frontiers in Marine Science | www.frontiersin.org 9
Atlantic. These results indicate broad distributions (from Ireland
to the Gulf of Mexico) for at least three species (P. cf. biscaya, P.
cf. placomus, P. sp 3). Furthermore, it appears that species
diverged first across depth and/or temperature gradients
(Figure 4), and then spread into different geographical regions
multiple times. A strong pattern of diversification associated with
depth and temperature was apparent across the phylogeny. This
pattern suggests a general diversification trend from onshore to
offshore and warmer to colder temperatures (Figure 4). Many
species were restricted to relatively narrow modal temperature
and/or depth ranges. The exceptions were P. sp. 3 and P. cf.
placomus, found across wide depth ranges (800-1600 m and 230-
1300 m, respectively) yet narrow temperature ranges (4-6°C and
8-10°C) (Figure 4).

The DEC model indicated that a likely vicariance event
approx. 4.5 MYA drove the divergence between the
mesophotic Mediterranean lineage of P. macrospina and the
deep-sea clade (Figure 5A and Supplemental Figure 4). In
addition, this divergence was likely from a common ancestor
with a broad depth range and an estimated ancestral, optimal
temperature state of about 10°C. In contrast, the divergence
between P. clavata and P. grayi was likely in sympatry, with P.
clavata diversifying in mesophotic depths of the Mediterranean
Sea from an ancestor with a broad depth range. P. grayi retained
its ancestral depth range (Figure 5A).

We further examined the evolution and distribution of the
deep-sea clade with respect to contemporary water mass
A

B

FIGURE 4 | Ancestral state reconstructions of (A) depth and (B) temperature on the phylogeny from Figure 2.
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distributions using a DEC model and the SNAPP_subset1 trees.
Two clades, which were reciprocally monophyletic in the
SNAPP_subset 1 trees, occurred in either present-day upper
(NACW, MOW) and intermediate water masses (LSW) or
intermediate (AAIW, LSW) and lower water masses (NADW)
(Figure 5B and Supplemental Figure S5). Five out of seven
putative deep-sea species were found to occupy only one water
mass, whereas P. cf. placomus and P. sp. 3 were found in two and
three water masses, respectively. The DEC model suggested that
P. cf. biscaya and P. aff. biscaya diverged in sympatry in NADW.
The DEC model also indicated that P. sp. 4 and P. cf. biscaya/aff.
biscaya diverged from a common ancestor with an ancestral
range of LSW and NADW. This divergence was likely due to a
vicariance event around 750K to 1 MYA. Also, at about 1 MYA,
P. sp. 1 and 2 diverged from a common ancestor with an
ancestral range consisting of LSW and NACW.
DISCUSSION

Molecular Analyses
RAD-Seq was highly effective for reconstructing evolutionary
relationships among Paramuricea. Most nodes were well
supported, and reciprocally monophyletic clades that generally
corresponded with morphospecies were recovered in the
phylogenetic analyses. Furthermore, structure analysis
indicated several clusters with little to no admixture between
Frontiers in Marine Science | www.frontiersin.org 10
them. In general, each SNAPP species tree showed slight
incongruence among relationships, all with lower node
support, compared to the concatenated phylogenies. SNAPP
can be sensitive to the number of samples and SNPs and the
proportion of missing data. We set the maximum proportion of
missing data in our datasets to 10%. This resulted in datasets
with relatively few SNPs (< 1000), which likely explains the
observed incongruences (Schmidt-Lebuhn et al., 2017; O’Connell
and Smith, 2018). Regardless, most of our analyses converged on
the same evolutionary relationships (Figures 2 and 3A, B,
Supplemental Figure S3). Of note, many of the samples used
in the analysis contained some amount of high molecular weight
DNA, but most of them also had a high amount of degraded
DNA. Yet, we still recovered 100s to 1000s of unlinked SNPs per
sample. Thus, our results and others (Herrera and Shank, 2016;
Quattrini et al., 2019) indicate the utility of RAD-Seq in
octocorals that have some level of DNA degradation.

The monophyletic clades in the phylogenetic analysis and
cluster designations from Structure analyses helped guide
morphospecies designations and vice versa; and thus,
conducting these analyses in concert resulted in higher
confidence of putative species designations. In all but one case,
morphological evaluation agreed with genetic clade designations.
Two morphological variants for P. cf. placomus were found, but
structure analysis across different values of K indicated that these
are likely one species. In another case, P. sp. 1 and 2 were quite
similar morphologically (Supplemental File 1), and there was
A B

FIGURE 5 | Ancestral range estimates of (A) depth and (B) water mass constructed using the Dispersal-Extirpation-Cladogenesis model in RevBayes overlain onto
the SNAPP species tree (Figure 3). Water mass reconstructions shown are for the deep-sea (>200 m) clade only. Nodes are annotated with ancestral ranges (pie
charts) before and after cladogenic events. Tips are annotated with contemporary distributions. Depth Range: Deep=>200 m, Meso=0-200 m; DeepMeso=0->200
m. Water Mass Range: MOW, Mediterranean Overflow Water; NACW, North Atlantic Central Water; AAIW, Antarctic Intermediate Water; LSW, Labrador Sea Water;
NADW, North Atlantic Deep Water; misc, more than two states.
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some degree of admixture between them. Still, they formed well-
supported monophyletic clades that diverged into different
environments around 1-2 MYA. We remain conservative in
assigning names to many of these putative species because
comparison to and incorporation of type material in a
systematic framework is essential. Our analyses included at
least nine out of 19 valid species of Paramuricea, but we
acknowledge that our current study is only a first step towards
a robust systematic framework, which is essential to illuminate
the systematics of this genus.

The need for robust species delimitation analyses is
exemplified by a recent population genomic study of P. biscaya
in the Gulf of Mexico, which utilized some of the same samples
herein (Galaska et al., 2021). Based on >12K SNPs, Galaska et al.
(2021) found two lineages of P. biscaya, lineage 1 and lineage 2,
represented in our study as P. cf. biscaya and P. aff. biscaya,
respectively. Lineage 1 was generally found deeper (mean depth
1,896 m) than lineage 2 (mean depth 1,454 m); however, these
lineages co-occur at some intermediate-depth sites and 15% of
assessed specimens had an admixed ancestry (see Figure 1 in
Galaska et al., 2021). Interestingly, the morphology of the
specimens examined in this study differs between these two
lineages, with P. aff. biscaya containing plates with projecting,
rounded spines in the calyx and P. cf. biscaya containing plates
without the protruding spines. These findings raise several
questions. First, are these lineages presently diverging in
sympatry in the Gulf of Mexico, as the DEC model suggests?
Or, did they diverge in allopatry and are now undergoing
hybridization in secondary contact? On the other hand, it is
curious that we found little to no admixture between these
lineages in the present study, begging whether this is a result
of SNP calling bias. In our study, SNPs called in the deep-sea
clade were from a range of species that diverged over 1 to 2 MY.
Therefore, we likely included SNPs associated with conserved
regions. In contrast, Galaska et al. (2021) had three times as
many SNPs from five times more specimens in just two sister
lineages. Further investigation is needed to distinguish the degree
of admixture from incomplete lineage sorting and elucidate the
divergence process between these two groups.

Similar to other phylogenetic studies of octocorals (Pante
et al., 2015; Herrera and Shank, 2016; Quattrini et al., 2019), our
results suggest that the conventionally-used, single-locus
barcodes are insufficient to reconstruct evolutionary
relationships or delimit species within speciose genera and
rapid and/or recent radiations of octocorals. Except for the
shallow/mesophotic species, neither mtMutS or 28S rDNA
alone nor in combination was sufficient to recover the well-
supported, reciprocally-monophyletic clades inferred from
RAD-Seq data. There was also no congruence between clusters
denoted by Structure and MOTUs in the deep-sea group. In
addition, morphospecies contained multiple MOTUs, yet the
same MOTU could be found in several putative species. Radice
et al. (2016) noted this pattern in mtMutS haplotypes in
Paramuricea and concluded there were potentially several
species off Canada due to several different mtMutS haplotypes.
However, the data presented here support high mtMutS
haplotype diversity in one species (P. sp. 4) off Canada. We
Frontiers in Marine Science | www.frontiersin.org 11
also documented high haplotype diversity within species
collected off Ireland. In contrast, some of those identical
haplotypes found in P. sp. 4 or species off Ireland (e.g., type B,
type A) were each found in a single species in the Gulf of Mexico.
Similar levels of incongruence between mitochondrial COI and
RAD-Seq results were also found in the two P. biscaya lineages
(Galaska et al., 2021). This incongruence between RAD-Seq and
single-locus barcodes is likely caused by incomplete lineage
sorting of mitochondrial and nuclear rDNA genes. In
conclusion, we suggest that neither mtMutS nor 28S should be
used to guide species designations for deep-sea species of
Paramuricea as it could lead to inaccurate and potentially
confused species identities (also see Thoma, 2013), particularly
without accompanying morphological data.

Phylogeography of Paramuricea
Our results provide a first survey of the phylogeography of a
genus of octocoral common to the North Atlantic Ocean and
Mediterranean Sea. Diversification of Paramuricea occurred
throughout the Pliocene and Pleistocene geological epochs.
Notably, the deep-sea clade of Paramuricea and the lineage of
the mesophotic Mediterranean species P. macrospina diverged
around 4.5 MYA from an ancestor common in both deep and
mesophotic depths, as indicated by the DEC model. The DEC
model indicated that this divergence occurred via a vicariance
event, similar to the findings based on ancestral range models
and mitochondrial genomes of Poliseno et al. (2017). In addition,
the timing of this event is within the range inferred (5.9-3.3
MYA) by Poliseno et al. (2017), although the phylogenetic
relationships differed between studies. A monophyletic
deepwater clade was not inferred by Poliseno et al. (2017).
Rather, it was split into two clades, with P. macrospina sister to
one. Poliseno et al. (2017) postulated that the Messinian salinity
crisis, which caused sea-level change and desiccation through
evaporation in the Mediterranean Sea, was a likely driver of this
divergence event. At the end of the Messinian salinity crisis,
approximately 5.3 MYA, the Mediterranean Sea re-filled as the
connection to the North Atlantic reopened. Shortly after that,
around 4.5 MYA, the restriction of the Central American Seaway
reached a critical threshold (Karas et al., 2017). Both events
caused drastic changes in ocean circulation and climate (Roveri
et al., 2014; Karas et al., 2017), including changes in water mass
transport, and ventilation and formation of NADW in the North
Atlantic (Steph et al., 2010). Together, these changes in ocean
circulation might have caused population isolation and
divergence of Paramuricea species across depth.

Two to three million years later, the deep-sea clade of
Paramuricea diversified throughout the deep North Atlantic
Ocean. Repeated glaciations marked this time in the
Pleistocene (2.8 MYA to 11 KYA). During the Mid-Pleistocene
Transition, around 1 MYA, a significant shift in the behavior of
glacial cycles occurred. This transition period was marked by
changes in deep water formation and ocean circulation (Pena
and Goldstein, 2014; Poirier and Billups, 2014). In addition,
there was increased warming at depth and outflow of
Mediterranean Outflow Water from the Mediterranean Sea
(Catunda et al., 2021). Changes in deep ocean circulation over
April 2022 | Volume 9 | Article 849402
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the past 1 million years could have sparked the spread and
diversification of Paramuricea throughout the deep North
Atlantic. These results are consistent with the inferred timing
of colonization and spread of Paragorgia arborea in the North
Atlantic (Herrera et al., 2012), and thus may be indicative of a
critical time for the establishment of modern deep-sea
coral diversity.

The importance of the environment in the evolution of
Paramuricea is clear from the DEC model and ancestral state
reconstructions of depth and temperature. These analyses do not
unequivocally support a shallow (< 200 m) origin for
Paramuricea, as indicated by the estimated ancestral depth
range from DEC analysis (Figure 5). However, the phytools
analysis (Figure 4) suggested a general trend of diversification
into deeper and colder depths, particularly in the deep-sea clade.
This indicates a diversification into the deeper bathyal zone and
lends support for the onshore-offshore hypothesis (Jablonski
et al., 1983). Together, the high lineage diversity found in the
bathyal region and the inferred divergence across depths and
water masses followed by diversification into different regions,
also constitute support for the depth-differentiation hypothesis
(Rex and Etter, 2010).

In some cases, the DEC model indicated that divergence was
due to vicariance events, so subsequent adaptations to
environmental variables must have occurred following
speciation. For example, the diversification of the deep-sea
clade of Paramuricea in deep and relatively cold water must
have subsequently led to biological adaptations that precluded
invasion back into mesophotic depths. Changes in hydrostatic
pressure and just a few degrees of temperature can elicit
biochemical changes (Somero, 1992). In other instances, the
DEC model suggested divergence in sympatry (i.e., P. aff. biscaya
and P. biscaya), which could be driven by adaptive divergence to
environmental variables that co-vary with depth. The latter is
difficult to tease apart from secondary contact following allopatry
without additional analyses. Nevertheless, species appear to have
adaptations to living within relatively narrow temperature and/
or depth ranges.

Although ocean circulation changed during the glacial and
interglacial periods of the Pleistocene (e.g., Demenocal et al.,
1992; Bell et al., 2015; Kim et al., 2021), the contemporary
distributions of Paramuricea spp. in water mass type still show
an evolutionary signal. In the SNAPP_subset1 species tree, the
two reciprocally monophyletic clades of deep-sea Paramuricea
were found in either upper/intermediate or deep/intermediate
water masses. The common ancestor of Paramuricea sp. 4 and P.
cf. biscaya/aff. biscaya had a likely distribution range in LSW-
NADW. The DEC model suggested that a vicariance event led to
the divergence of each species in either LSW or NADW masses
following the Mid-Pleistocene Transition (Figures 5B, S4).
Similarly, the ancestral range of the common ancestor of P. sp.
1 and 2 spanned both LSW and NACW, and diverged in
allopatry into either LSW or NACW (Figures 5B, S4). Larval
dispersal models of deep-sea corals that assume larvae behave as
neutrally buoyant particles have indicated that larvae stay close
to the depths at which they were spawned and rarely cross water
mass density boundaries (Bracco et al., 2019; Liu et al., 2021).
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Without significant mixing between water masses, water mass
boundaries could promote population isolation via physical
barriers marked by density differences. When larvae
successfully cross into a different water mass, larvae most likely
have adaptations that allow their survival under those
environmental conditions. Water masses could also connect
distant populations as the species appear to occupy large
geographic regions within the same water mass. These results
collectively highlight the importance of water masses in shaping
the evolution of corals throughout the deep North
Atlantic Ocean.

Considerations for Future Work
We suggest a few considerations for future work on the
systematics and biogeography of Paramuricea and octocorals
in general. First, the systematics of this genus needs to be
reevaluated in a robust species delimitation framework that
includes both genomic and morphological data. In particular,
type material needs to be imaged and incorporated into genomic
studies to help accurately identify species. In this regard, target-
capture of conserved elements (Quattrini et al., 2018; Erickson
et al., 2021) is a promising method to obtain genomic-scale data
from historical museum samples (Untiedt et al., 2021). Putting
accurate binomens on individuals is critical for effective
restoration and conservation, particularly for comprehensively
documenting species’ distributions and population sources and
sinks, and thus understanding the degree of population
vulnerability to anthropogenic change.

Our analyses used the modal temperatures of the water
masses from sites in which species were collected. We
recognize there can be more temperature variability with
short-term changes in ocean conditions through, for example,
eddy formation or seasonal mixing of water masses at particular
depths or locations (e.g., Houpert et al., 2016). However, by using
modal temperatures of water masses, we could depict the
temperature signal over a longer time scale. We expected to see
a pattern across the phylogeny if these longer-term temperatures
impacted the evolution of the genus. In addition, we gathered
depth data from specimen location instead of from the literature
or digital databases. This was partly because we were not
confident of the accuracy of species identifications in those
sources, and we are not yet confident in our determination of
species without access to type material. We expect additional
patterns to be revealed as the ability to discern Paramuricea
species and our knowledge of their distribution improve.
CONCLUSIONS

The environment, particularly variables that co-vary with depth,
is well known to shape patterns of deep-sea diversity, but it has
rarely been explored in a robust phylogeographic framework.
Here, we showed that a deep-sea (> 200 m) clade of Paramuricea
diverged in allopatry around 4.5 MYA from ancestors that likely
inhabited a broad depth range. Around 1 to 2 MYA the genus
diversified throughout the deep sea with no subsequent invasions
back into shallower depths (<200 m). Combined with the results
April 2022 | Volume 9 | Article 849402
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of Herrera et al. (2016), our results suggest that this period
appears to have been important for establishing extant deep-sea
coral diversity in the North Atlantic. We showed that
temperature and depth influence the contemporary
distribution of Paramuricea spp. and the evolution within the
genus. In addition, water masses are important in shaping
phylogeographic patterns across the North Atlantic Ocean,
with clades found in either upper/ intermediate or
intermediate/deep water masses. The divergence pattern across
water mass, temperature, and depth followed by divergence into
different regions further supports the importance of the
environment in the evolution of deep-sea corals. Together, our
results support the depth-differentiation hypothesis (Rex and
Etter, 2010) with diversification driven by both allopatric and
sympatric processes. Our results do not unequivocally support
the onshore-offshore hypothesis (Jablonski et al., 1983) as the
estimated ancestral depth range was not onshore. However, there
was a general diversification trend into deeper, colder depths of
the continental slope in the deep-sea clade. Finally, incongruence
between phylogenies constructed from RAD-Seq data and the
commonly used DNA barcoding markers, mtMutS and 28S,
caution the sole use of these single-locus markers for species
delimitation and phylogenetics in Paramuricea (also see Galaska
et al., 2021). This cautionary note extends to other genera of
deep-sea coral as well, including, but certainly not limited to,
Chrysogorgia (Pante et al., 2015; Untiedt et al., 2021) and
Paragorgia (Herrera et al., 2016).
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et al. (2011). From Global to Local Genetic Structuring in the Red Gorgonian
Paramuricea clavata: The Interplay Between Oceanographic Conditions and
Limited Larval Dispersal. Mol. Ecol. 20 (16), 3291–3305. doi: 10.1111/j.1365-
294X.2011.05176.x

Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-
TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-
Likelihood Phylogenies. Mol. Biol. Evol. 32 (1), 268–274. doi: 10.1093/molbev/
msu300

NOAA Deep-Sea Coral Data Portal (2022). Available at: https://deepseacoraldata.
noaa.gov/about-us.

O’Connell, K. A., and Smith, E. N. (2018). The Effect of Missing Data on
Coalescent Species Delimitation and a Taxonomic Revision of Whipsnakes
(Colubridae: Masticophis). Mol. Phylogenet. Evol. 127, 356–366. doi: 10.1016/
j.ympev.2018.03.018

Pante, E., Abdelkrim, J., Viricel, A., Gey, D., France, S. C., Boisselier, M. C., et al.
(2015). Use of RAD Sequencing for Delimiting Species. Heredity 114 (5), 450–
459. doi: 10.1038/hdy.2014.105

Pena, L. D., and Goldstein, S. L. (2014). Thermohaline Circulation Crisis and
Impacts During the Mid-Pleistocene Transition. Science 345 (6194), 318–322.
doi: 10.1126/science.1249770
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Quattrini, A. M., Gómez, C. E., and Cordes, E. E. (2017). Environmental Filtering
and Neutral Processes Shape Octocoral Community Assembly in the Deep Sea.
Oecologia 183 (1), 221–236. doi: 10.1007/s00442-016-3765-4

Quattrini, A. M., Nizinski, M. S., Chaytor, J. D., Demopoulos, A. W., Roark, E. B.,
France, S. C., et al. (2015a). Exploration of the Canyon-Incised Continental
Margin of the Northeastern United States Reveals Dynamic Habitats and
April 2022 | Volume 9 | Article 849402

https://doi.org/10.1093/bioinformatics/btm233
https://doi.org/10.1111/mec.14187
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/srep39842
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.1016/j.dsr.2018.11.007
https://doi.org/10.1016/j.quascirev.2021.107146
https://doi.org/10.1111/j.1439-0485.2009.00358.x
https://doi.org/10.1146/annurev-marine-120709-142714
https://doi.org/10.3354/meps305127
https://doi.org/10.3354/meps305127
https://doi.org/10.1111/j.1365-2664.2007.01419.x
https://doi.org/10.3389/fmars.2021.790927
https://doi.org/10.3389/fmars.2021.790927
https://doi.org/10.5194/os-17-463-2021
https://doi.org/10.5194/os-17-463-2021
https://doi.org/10.1098/rspb.2010.1057
https://doi.org/10.1098/rspb.2010.1057
https://doi.org/10.1111/j.1755-0998.2010.02875.x
https://doi.org/10.1016/j.ympev.2006.06.010
https://doi.org/10.1016/j.ympev.2017.04.025
https://doi.org/10.1080/14772000.2014.902866
https://doi.org/10.1038/srep46103
https://doi.org/10.1371/journal.pone.0033885
https://doi.org/10.1111/j.1439-0485.2010.00380.x
https://doi.org/10.1111/j.1365-294X.2011.05176.x
https://doi.org/10.1111/j.1365-294X.2011.05176.x
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://deepseacoraldata.noaa.gov/about-us
https://deepseacoraldata.noaa.gov/about-us
https://doi.org/10.1016/j.ympev.2018.03.018
https://doi.org/10.1016/j.ympev.2018.03.018
https://doi.org/10.1038/hdy.2014.105
https://doi.org/10.1126/science.1249770
https://doi.org/10.1007/s00338-016-1431-2
https://doi.org/10.1007/s00338-016-1431-2
https://doi.org/10.1002/2014PA002661
https://doi.org/10.1007/s13127-017-0322-x
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1016/j.dsr2.2014.10.021
https://doi.org/10.1016/j.dsr2.2014.10.021
https://doi.org/10.3389/fmars.2020.00239
https://doi.org/10.1098/rspb.2015.0008
https://doi.org/10.1098/rspb.2015.0008
https://doi.org/10.1111/1755-0998.12736
https://doi.org/10.1007/s00442-016-3765-4
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Quattrini et al. Phylogeography of Deep-Sea Corals
Diverse Communities. PloS One 10 (10), e0139904. doi: 10.1371/
journal.pone.0139904

Quattrini, A. M., Wu, T., Soong, K., Jeng, M. S., Benayahu, Y., andMcFadden, C. S.
(2019). A Next Generation Approach to Species Delimitation Reveals the Role
of Hybridization in a Cryptic Species Complex of Corals. BMC Evol. Biol. 19
(1), 1–19. doi: 10.1186/s12862-019-1427-y

Radice, V. Z., Quattrini, A. M., Wareham, V. E., Edinger, E. N., and Cordes, E. E.
(2016). Vertical Water Mass Structure in the North Atlantic Influences the
Bathymetric Distribution of Species in the Deep-Sea Coral Genus Paramuricea.
Deep Sea Res. Part I: Oceanogr. Res. Papers 116, 253–263. doi: 10.1016/
j.dsr.2016.08.014

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., and Suchard, M. A. (2018).
Posterior Summarisation in Bayesian Phylogenetics Using Tracer 1.7. Syst.
Biol. 67, syy032. doi: 10.1093/sysbio/syy032

Ree, R. H., and Smith, S. A. (2008). Maximum Likelihood Inference of Geographic
Range Evolution by Dispersal, Local Extinction, and Cladogenesis. Systematic
Biol. 57 (1), 4–14. doi: 10.1080/10635150701883881

Reitzel, A. M., Herrera, S., Layden, M. J., Martindale, M. Q., and Shank, T. M.
(2013). Going Where Traditional Markers Have Not Gone Before: Utility
of and Promise for RAD Sequencing in Marine Invertebrate Phylogeography
and Population Genomics. Mol. Ecol. 22 (11), 2953–2970. doi: 10.1111/
mec.12228

Revell, L. J. (2012). Phytools: An R Package for Phylogenetic Comparative Biology
(and Other Things). Methods Ecol. Evol. 3 (2), 217–223. doi: 10.1111/j.2041-
210X.2011.00169.x

Rex, M. A., and Etter, R. J. (2010). Deep-Sea Biodiversity: Pattern and Scale
(Harvard University Press).

Rivas, D., Badan, A., and Ochoa, J. (2005). The Ventilation of the Deep Gulf of
Mexico. J. Phys. Oceanogr. 35 (10), 1763–1781. doi: 10.1175/JPO2786.1

Roberts, E. M., Bowers, D. G., Meyer, H. K., Samuelsen, A., Rapp, H. T., and
Cárdenas, P. (2021). Water Masses Constrain the Distribution of Deep-Sea
Sponges in the North Atlantic Ocean and Nordic Seas. Mar. Ecol. Prog. Ser.
659, 75–96. doi: 10.3354/meps13570

Rosenberg, N. A. (2004). DISTRUCT: A Program for the Graphical Display of
Population Structure. Mol. Ecol. Notes 4 (1), 137–138. doi: 10.1046/j.1471-
8286.2003.00566.x

Roveri, M., Flecker, R., Krijgsman, W., Lofi, J., Lugli, S., Manzi, V., et al. (2014).
The Messinian Salinity Crisis: Past and Future of a Great Challenge for Marine
Sciences. Mar. Geol. 352, 25–58. doi: 10.1016/j.margeo.2014.02.002

Sanders, H. L. (1968). Marine Benthic Diversity: A Comparative Study. Am. Nat.
102 (925), 243–282. doi: 10.1086/282541

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B.,
et al. (2009). Introducing Mothur: Open-Source, Platform-Independent,
Community-Supported Software for Describing and Comparing Microbial
Communities. Appl. Environ. Microbiol. 75 (23), 7537–7541. doi: 10.1128/
AEM.01541-09

Schmidt-Lebuhn, A. N., Aitken, N. C., and Chuah, A. (2017). Species Trees From
Consensus Single Nucleotide Polymorphism (SNP) Data: Testing Phylogenetic
Approaches With Simulated and Empirical Data. Mol. Phylogenet. Evol. 116,
192–201. doi: 10.1016/j.ympev.2017.07.018

Shearer, T. L., and Coffroth, M. A. (2008). DNA BARCODING: Barcoding Corals:
Limited by Interspecific Divergence, Not Intraspecific Variation. Mol. Ecol.
Resour. 8 (2), 247–255. doi: 10.1111/j.1471-8286.2007.01996.x

Smith, C. R., De Leo, F. C., Bernardino, A. F., Sweetman, A. K., and Arbizu, P. M.
(2008). Abyssal Food Limitation, Ecosystem Structure and Climate Change.
Trends Ecol. Evol. 23 (9), 518–528. doi: 10.1016/j.tree.2008.05.002

Smith, C. R., Kukert, H., Wheatcroft, R. A., Jumars, P. A., and Deming, J. W.
(1989). Vent Fauna on Whale Remains. Nature 341 (6237), 27–28. doi:
10.1038/341027a0

Somero, G. N. (1992). Adaptations to High Hydrostatic Pressure. Annu. Rev.
Physiol. 54 (1), 557–577. doi: 10.1146/annurev.ph.54.030192.003013

Stamatakis, A. (2006). RAxML-VI-HPC: Maximum Likelihood-Based
Phylogenetic Analyses With Thousands of Taxa and Mixed Models.
Bioinformatics 22 (21), 2688–2690. doi: 10.1093/bioinformatics/btl446

Stange, M., Sánchez-Villagra, M. R., Salzburger, W., and Matschiner, M. (2018).
Bayesian Divergence-Time Estimation With Genome-Wide Single-Nucleotide
Frontiers in Marine Science | www.frontiersin.org 16
Polymorphism Data of Sea Catfishes (Ariidae) Supports Miocene Closure of the
Panamanian Isthmus. Syst. Biol. 67 (4), 681–699. doi: 10.1093/sysbio/syy006

Steph, S., Tiedemann, R., Prange, M., Groeneveld, J., Schulz, M., Timmermann, A.,
et al. (2010). Early Pliocene Increase in Thermohaline Overturning: A
Precondition for the Development of the Modern Equatorial Pacific Cold
Tongue. Paleoceanography 25 (2). doi: 10.1029/2008PA001645

Thistle, D. (2003). The Deep-Sea Floor: An Overview. In: Ecosystems of the Deep
Ocean,Ecosystems of the World, P. A. Tyler, Ed. Amsterdam: Elsevier Science.
pp. 5–38

Thoma, J. N. (2013). Molecular and Morphological Diversity of Sea Fans With
Emphasis on Deep-Sea Octocorals of the Order Alcyonacea Lamouroux
(University of Louisiana Lafayette). PhD Dissertation.

Thoma, J. N., Pante, E., Brugler, M. R., and France, S. C. (2009). Deep-Sea
Octocorals and Antipatharians Show No Evidence of Seamount-Scale
Endemism in the NW Atlantic. Mar. Ecol. Prog. Ser. 397, 25–35. doi:
10.3354/meps08318

Townsend, D. W., Pettigrew, N. R., Thomas, M. A., Neary, M. G., McGillicuddy,
D. J., and O’Donnell, J. (2015). Water Masses and Nutrient Sources to the Gulf
of Maine. J. Mar. Res. 73 (3-4), 93–122. doi: 10.1357/002224015815848811

Tribble, C. M., Freyman, W. A., Landis, M. J., Lim, J. Y., Barido-Sottani, J.,
Kopperud, B. T, et al. (2022). RevGadgets: An R Package for Visualizing
Bayesian Phylogenetic Analyses From RevBayes. Methods Ecol. Evol. 13 (2),
314–323. doi: 10.1101/2021.05.10.443470

Untiedt, C., Quattrini, A., Mcfadden, C., Alderslade, P., Pante, E., and Burridge, C.
(2021). Phylogenetic Relationships Within Chrysogorgia (Alcyonacea:
Octocorallia), a Morphologically Diverse Genus of Octocoral, Revealed
Using a Target Enrichment Approach. Front. Mar. Sci. 7. doi: 10.3389/
fmars.2020.599984

Van Dover, C. L., German, C. R., Speer, K. G., Parson, L. M., and Vrijenhoek, R. C.
(2002). Evolution and Biogeography of Deep-Sea Vent and Seep Invertebrates.
Science 295 (5558), 1253–1257. doi: 10.1126/science.1067361

White, H. K., Hsing, P. Y., Cho, W., Shank, T. M., Cordes, E. E., Quattrini, A. M.,
et al. (2012). Impact of the Deepwater Horizon Oil Spill on a Deep-Water Coral
Community in the Gulf of Mexico. Proc. Natl. Acad. Sci. 109 (50), 20303–
20308. doi: 10.1073/pnas.1118029109

Wilson, G. D., and Hessler, R. R. (1987). Speciation in the Deep Sea. Annu. Rev.
Ecol. System. 18 (1), 185–207. doi: 10.1146/annurev.es.18.110187.001153

Wilson, A. M., Raine, R., Mohn, C., and White, M. (2015). Nepheloid Layer
Distribution in the Whittard Canyon, NE Atlantic Margin. Mar. Geol. 367,
130–142. doi: 10.1016/j.margeo.2015.06.002

Wirshing, H. H., Messing, C. G., Douady, C. J., Reed, J., Stanhope, M. J., and Shivji,
M. S. (2005). Molecular Evidence for Multiple Lineages in the Gorgonian
Family Plexauridae (Anthozoa: Octocorallia).Mar. Biol. 147 (2), 497–508. doi:
10.1007/s00227-005-1592-y

WoRMS Editorial Board (2022)World Register of Marine Species (Accessed 2022-
01-04). Available from https://www.marinespecies.org at VLIZ.

Conflict of Interest: Author AS was employed by CSS-Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Quattrini, Herrera, Adams, Grinyo,́ Allcock, Shuler, Wirshing,
Cordes and McFadden. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
April 2022 | Volume 9 | Article 849402

https://doi.org/10.1371/journal.pone.0139904
https://doi.org/10.1371/journal.pone.0139904
https://doi.org/10.1186/s12862-019-1427-y
https://doi.org/10.1016/j.dsr.2016.08.014
https://doi.org/10.1016/j.dsr.2016.08.014
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1080/10635150701883881
https://doi.org/10.1111/mec.12228
https://doi.org/10.1111/mec.12228
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1175/JPO2786.1
https://doi.org/10.3354/meps13570
https://doi.org/10.1046/j.1471-8286.2003.00566.x
https://doi.org/10.1046/j.1471-8286.2003.00566.x
https://doi.org/10.1016/j.margeo.2014.02.002
https://doi.org/10.1086/282541
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1016/j.ympev.2017.07.018
https://doi.org/10.1111/j.1471-8286.2007.01996.x
https://doi.org/10.1016/j.tree.2008.05.002
https://doi.org/10.1038/341027a0
https://doi.org/10.1146/annurev.ph.54.030192.003013
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/sysbio/syy006
https://doi.org/10.1029/2008PA001645
https://doi.org/10.3354/meps08318
https://doi.org/10.1357/002224015815848811
https://doi.org/10.1101/2021.05.10.443470
https://doi.org/10.3389/fmars.2020.599984
https://doi.org/10.3389/fmars.2020.599984
https://doi.org/10.1126/science.1067361
https://doi.org/10.1073/pnas.1118029109
https://doi.org/10.1146/annurev.es.18.110187.001153
https://doi.org/10.1016/j.margeo.2015.06.002
https://doi.org/10.1007/s00227-005-1592-y
https://www.marinespecies.org at VLIZ
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Phylogeography of Paramuricea: The Role of Depth and Water Mass in the Evolution and Distribution of Deep-Sea Corals
	Introduction
	Materials and Methods
	Specimen Collection and Preparation
	Bioinformatics and Phylogenetic Analysis of Barcoding Data
	Bioinformatics and Phylogenetic Analysis of RAD-Seq Data
	Phylogeographic Analyses

	Results
	Morphological Data
	DNA Barcode Data
	RAD-Seq Data
	Phylogeographic Analyses

	Discussion
	Molecular Analyses
	Phylogeography of Paramuricea
	Considerations for Future Work

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


