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Survivorship. Colonies were surveyed annually from 2003 to 2007
at eight reefs in Parguera (Puerto Rico), including Media Luna,
the location used for the transplant experiment and genetic
analysis. We monitored three depths per reef. At each depth, a
replicated 20-m transect was placed and four 1-m2 quadrats were
randomly selected (total of 8 m2 per depth). In total, we analyzed
161 quadrats (we excluded 31 quadrats with no or ambiguous
Eunicea flexuosa data). A full description of the site and the
experimental design are described elsewhere (1).

Reciprocal Transplant. We selected 40 colonies from each of two
depths (<3 m shallow and >20 m deep). Each colony was divided
and the resulting fragments then transplanted to both shallow
and deep areas. Survivorship was recorded yearly for 2 y for
native and foreign colonies. We also estimated survivorship by
pooling these current data with previous (2) estimates. Both
transplant experiments were carried out in Parguera (Media
Luna reef), Puerto Rico, for the same colonies used in the ge-
netic analysis (see below). We estimated survivorship for one
generation by multiplying the annual survivorship rate by 38.88
(the estimated time to reach 70 cm, assuming a 1.8-cm/y growth
rate). We then estimated the selection advantage as the survi-
vorship of one lineage over the total survivorship of both lineages.
For example for the shallow area, the advantage of the Shallow
lineage is as follows: Shallow/(Shallow + Deep). We then assume
a 1:1 settlement and estimate Hardy–Weinberg proportions.

Population Genetic Sampling. Our sampling scheme spans regions
where geographical patterns of genetic differentiation have been
seen previously, including Exuma Sound andMona Passage (3, 4).
We collected adult (>50 cm) colonies at least 5 m apart to de-
crease the sampling of clone mates and preserved them in 95%
(vol/vol) ethanol at −20 °C. We extracted genomic DNA from
these samples using the QIAGEN DNeasy Kit following the
manufacturer’s protocols.

Generation of Sequence Data. As a mitochondrial marker, we
sequenced the MSH region, which encodes an ORF unique
among animals to some anthozoans, using published primers
(5). We developed three new nuclear sequence markers (Table
S7) using sequences generated from a partial 454 run. Briefly,
we extracted total RNA from a shallow individual from Puerto
Rico using TRIzol (6). We then produced cDNA by reverse
transcription of the RNA following (7), using a combination of
Clontech SMART RT and Invitrogen SuperScriptII. The result-
ing PCR was verified in 1% agarose gel with fragments ranging
between 500 and 4,000 bp. This PCR cDNA was fragmented by
sonication and pyrosequenced at the University of California, Los
Angeles, Genomic Center.
We generated a total of 27,197 reads with an average read

length of 305 bp. Reads were assembled into 3,685 contigs and
12,457 singletons using CAP3 (8). Annotation with the Swiss-Prot
database identified 3,344 homologous sequences. We selected 20
different genes to make primer pairs. First, we aligned the se-
lected E. flexuosa sequence against the closet homolog in the
Nematostella (anemone) genome to identify the possible place-
ment of introns. We then designed intron-spanning primer pairs
anchored in coding regions using Primer 3 (9). From the initial
20 candidates, three were selected because they amplified across
samples with a desirable sequence size of 350–700 bp. Initial

screening showed these markers were single copy (≤2 alleles per
individual) and variable within populations.
PCR amplifications were performed in a Bio-Rad T100 with

the same cycling conditions (except for the annealing tempera-
ture) for all genes: an initial denaturation cycle of 3 min at 95 °C,
2 min annealing at 50–56 °C, and 2 min extension at 72 °C;
followed by 38 cycles of 30 s at 95 °C, 45 s at 50–56 °C, and 45 s at
72 °C, and a final extension cycle at 72 °C for 10 min. Amplicons
were directly sequenced in both directions in an ABI 3100 using
BigDye chemistry, version 3.1, and the amplification primers.
We resolved indel heterozygotes containing a single indel using

CHAMPURU (10). We resolved haplotypes using PHASE,
version 2.1 (11). We used 90% probability as our cutoff, because
detailed cloning studies have shown that haplotypes inferred by
PHASE with a probability >70% accurately reflect haplotypes
(12). We cloned individuals using the Invitrogen TOPO TA
Cloning Kit and sequencing at least five clones per reaction.

Analysis of Genetic Data.We aligned sequences with Clustal X (13)
and inferred substitution models for each marker using jModelTest
(14). Using the suggested model of evolution, we tested for in-
tralocus recombination using both GARD and SBP as implemented
in Hy-Phy (15, 16). We also inspected for recombination using the
difference of sums of squares (DSS) method, with a sliding
window of 100- and 10-bp step size as implemented in TOPALi,
version 2 (17).
A parsimony haplotype network was constructed for each

marker using the algorithm of Templeton et al. (18) implemented
in TCS 1.21 (19). Each network was constructed with confidence
level set at 95% and excluding gaps.
Hierarchical genetic subdivision was analyzed using the analysis

of molecular variance (AMOVA) framework as implemented in
GENODIVE (20). AMOVAs were performed with 10,000 per-
mutations using conventional F statistics. We first defined
populations by depth and location. To test for geographical
differentiation within lineages, we then used clustering information
from the STRUCTURE analysis (see below) to classify individuals
by lineage (i.e., Shallow or Deep). We calculated both AMOVA
and pairwise FST between locations within each lineage was calcu-
lated in GENODIVE (20). FST values were plotted against pairwise
geographical distances among populations calculated in Google
Earth 6.2 using the shortest nautical distance among populations.
Sequences were recoded as frequency data (codominant) in

DNAsp 4.0 (21) and used to infer population subdivision using
Bayesian clustering in STRUCTURE (22). We used the admix-
ture model with a burnin of 100,000 steps followed by 20 million
iterations and 10 replicates per run. We ran STRUCTURE
without information of the origin of each individual, thereby
reducing potential biases. We inferred population structure us-
ing a range of K values (number of inferred populations) from 1
to 8 (maximum number of populations). We then used STRUC-
TURE HARVESTER (23), which implements the Evanno
method (24) to estimate the most likely K based on the differ-
ence of likelihood scores. Because STRUCTURE uncovers only
the deepest genetic subdivision (24), we hierarchically ran the
program within each subsequent cluster.
To test the extent to which depth, geography, and their in-

teraction have played roles in lineage splitting and to recover the
evolutionary history of all populations, we used a combination of
gene trees/species tree approaches and model-based inference
approaches (25–27). In STEM, we iterated the process five times,
so that in each round gene genealogies were reestimated, and
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species tree likelihood scores recalculated. We then used the
average likelihood scores across replicates to infer information
theory statistics and rank all possible topologies following An-
derson (27) and Carstens and Dewey (28). In STEM, we used
clustering information from the STRUCTURE analysis to clas-
sify individuals and included only individuals with assignment
probabilities >90%; individuals with lower probability may be
the result of interspecific gene flow, which may introduce bias.
We ran IMa first using broad priors (q1, q2, qA = 20, m1, m2 =

10, t = 10) and generated more specific priors (q1, q2, qA = 3,
m1 = 1, m2 = 3, t = 5) that encompassed the entire distribution
of parameters in subsequent runs. We ran IMa two times starting
from different seeds, each run with 20 chains, a heating scheme
of −g1 0.8 −g2 0.9, and 2–4 million steps (2 million burnin).
Once runs converged, we used the L mode (load trees) to esti-
mate likelihood scores for all nested IM models. We repeated
this process at least two times for a dataset including all samples
divided by lineage as suggested by STRUCTURE, habitat and
morphology (we used 2 mm spindle length as a cutoff). We also
run IMa for each location for each grouping (lineage, habitat,
and morphology). To convert IMa effective size estimates into
demographic units, we used the size at first reproduction (30
cm). Assuming a conservative annual growth rate of 2 cm, the
generation time for E. flexuosa is 15 y. Estimates based using
other reported (2, 29, 30) growth rates fall within the reported
90% high posterior density range (Table S6).
We present the results of such analysis on Table S6 and Fig. S2.

Migration rates should be interpreted with caution. We present
data from Bahamas, Curaçao, and Panama to show that our
results hold for most comparisons but recognize that our sam-
pling design may be inappropriate to test for asymmetrical mi-
gration at these locations. In Bahamas and Curaçao, we suspect
the deep habitat may be deeper, whereas the uniqueness of
Panama and the blur in the distinctness of morphologies may
require a larger sampling at this locale.
We suspect that only in Puerto Rico we sampled the opposite

ends of the depth gradient, and thus the asymmetry in gene flow

can be more rigorously tested. Puerto Rico is the most depth-
segregated location, with almost all (except for two Shallow
lineage individuals in deep), and thus estimates derived from it
eliminate any sampling artifact derived from the clinal distribu-
tion of both lineages. We then used model-based selection to
calculate evidence ratios and rank all possible models (27). Be-
cause we reject a strict isolation model, we used a full model to
estimate demographic parameters.

Morphological Measurements. We used 5% bleach to clear the
organic surface from colonies, washed the colonies twice, and
dried them in ethanol. We took digital images of each colony
through a Diagnostic Instrument SPOT RT Slider CCD camera
attached to a Leica MZ7 stereomicroscope.
To compare populations and understand the relative im-

portance of different factors, we fit spindle length to a gener-
alized linear model. We used a Gaussian distribution and
geography, depth, and lineage as factors. We constructed all 17
possible models from these factors and used model-based
approaches based on Akaike information criterion scores (similar
to the STEM analysis) to rank each model (27). We also used an
honestly significant difference (HSD) Tukey test to identify
which comparisons among locations within lineages were sig-
nificant. Analysis was performed with raw measurements and
log-transformed data with similar results.
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Fig. S1. Parsimony haplotype networks for each locus. The size of the circles is proportional to haplotypes frequency. Nuclear markers have twice as many
haplotypes.
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Fig. S2. Migration rate estimates between Shallow and Deep lineages per location obtained by fitting the IMa model to all four loci. Samples were divided by
habitat (Top), lineage (Middle), and morphology (Bottom). The solid lines represent migration from Shallow to Deep, and the dotted lines from Deep to
Shallow. Note that migration estimates by lineage are lower than for habitat or morphology, but that the probabilities of the estimates are higher.
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Table S1. Annual survivorship per size class for E. flexuosa across
reefs and depths over 4 y

Size category, cm Survivorship n

<10 0.691 151
11–30 0.823 81
>31 0.901 24
All 0.805 256

Table S2. Annual survivorship for reciprocally transplanted colonies for two independent
experiments

Survivorship rate per year (n)

Treatment Previous (2006–2007)* Current (2010–2012) Average

Deep to shallow 0.844 (30) 0.725 (40) 0.785 (70)
Shallow to shallow 0.867 (15) 0.875 (40) 0.871 (55)
Deep to deep 0.956 (15) 0.925 (40) 0.940 (55)
Shallow to deep 0.622 (30) 0.638 (40) 0.630 (70)

*Extracted from ref. 1.

Table S3. Localities of the collections and number of colonies sampled per depth (N)

Location Coordinates Reef Depth, m N

Panama 9.231 N, 82.137 W Crawl Key <5 13
— Crawl Key >15 13

9.346 N, 82.212 W Bastimentos <5 12
Bahamas 23.468 N; 76.062 W Lee Stocking Island <5 21

25.570 N, 77.210 W Cross Harbor Ridge >25 20
Curaçao 12.083 N, 68.897 W Aquarium <5 17

12.134 N, 68.985 W Dive Inn >25 17
Puerto Rico 17.560 N, 67.029 W Media Luna <5 38

— Media Luna 20 38

Table S4. Within-lineage pairwise Fst values

Puerto Rico Panama Bahamas Curaçao

Puerto Rico 0.101 0.140 0.117
Panama 0.007 0.105 0.060
Bahamas 0.032 0.005 0.138
Curaçao 0.029 0.002 0.062

Shallow and Deep lineage comparisons are below and above the diago-
nal, respectively. Significant values after Bonferroni correction are in bold.

1. Prada C, Schizas NV, Yoshioka PM (2008) Phenotypic plasticity or speciation? A case from a clonal marine organism. BMC Evol Biol 8:47.
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Table S5. Information theoretic statistics for each of the IMa models for each partition (lineage, habitat,
and morphology)

Partition/model k −log(P) AIC Δi Model likelihoods wi Evidence ratio (best model)

Lineage
FULL 5 3.300 3.400 0.000 1.000 0.624
AAADE 3 0.954 7.908 4.508 0.105 0.065 9.528
ABC0D 4 0.001 8.000 4.600 0.100 0.063 9.974
ABADE 4 0.001 8.000 4.600 0.100 0.063 9.974
ABBDE 4 0.001 8.000 4.600 0.100 0.063 9.974
AACDE 4 0.051 8.103 4.703 0.095 0.059 10.499
ABCDD 4 0.826 9.652 6.252 0.044 0.027 22.783
ABBDD 3 2.040 10.079 6.679 0.035 0.022 28.205
ABADD 3 2.672 11.344 7.944 0.019 0.012 53.096
AACDD 3 4.281 14.561 11.161 0.004 0.002 265.257
AAADD 2 8.078 20.155 16.755 <1−15 <1−15 >1015

ABCD0 4 51.743 111.486 108.086 <1−18 <1−18 >1017

ABC00 3 87.159 180.318 176.918 <1−18 <1−18 >1017

ABB00 2 89.281 182.561 179.161 <1−18 <1−18 >1017

ABA00 2 91.660 187.320 183.920 <1−18 <1−18 >1017

AAC00 2 101.821 207.642 204.242 <1−18 <1−18 >1017

AAA00 1 105.853 213.706 210.306 <1−18 <1−18 >1017

Habitat
FULL 5 3.300 3.400 0.000 1.000 0.900
AACDD 3 2.444 10.887 7.487 0.024 0.021 42.246
ABBDD 3 2.608 11.215 7.815 0.020 0.018 49.784
ABBDE 4 1.711 11.421 8.021 0.018 0.016 55.185
ABCDD 4 1.806 11.612 8.212 0.016 0.015 60.697
AACDE 4 2.417 12.834 9.434 0.009 0.008 111.855
ABADD 3 3.585 13.170 9.770 0.008 0.007 132.317
AAADE 3 3.773 13.545 10.145 0.006 0.006 159.605
ABADE 4 2.982 13.964 10.564 0.005 0.005 196.743
AAADD 2 5.058 14.117 10.717 0.005 0.004 212.364
ABC0D 4 192.035 392.070 388.670 <1−15 <1−15 >1015

ABCD0 4 305.298 618.597 615.197 <1−18 <1−18 >1017

AAA00 1 460.517 923.034 919.634 <1−18 <1−18 >1017

AAC00 2 460.517 925.034 921.634 <1−18 <1−18 >1017

ABA00 2 460.517 925.034 921.634 <1−18 <1−18 >1017

ABB00 2 460.517 925.034 921.634 <1−18 <1−18 >1017

ABC00 3 460.517 927.034 923.634 <1−18 <1−18 >1017

Morphology
FULL 5 3.300 3.400 0.000 1.000 0.764
ABBDD 3 0.627 7.254 3.854 0.146 0.111 6.870
ABCDD 4 0.505 9.010 5.610 0.060 0.046 16.530
ABBDE 4 0.620 9.240 5.840 0.054 0.041 18.541
ABADD 3 2.347 10.693 7.293 0.026 0.020 38.344
ABADE 4 2.239 12.479 9.079 0.011 0.008 93.635
AACDE 4 2.730 13.460 10.060 0.007 0.005 152.918
AACDD 3 3.904 13.807 10.407 0.005 0.004 181.908
AAADE 3 9.049 24.098 20.698 0.000 0.000 31,228.924
AAADD 2 10.992 25.984 22.584 0.000 0.000 80,185.662
ABCD0 4 84.222 176.443 173.043 <1−15 <1−15 >1015

ABC0D 4 100.622 209.243 205.843 <1−18 <1−18 >1017

ABB00 2 299.551 603.101 599.701 <1−18 <1−18 >1017

ABC00 3 298.786 603.573 600.173 <1−18 <1−18 >1017

ABA00 2 306.990 617.980 614.580 <1−18 <1−18 >1017

AAC00 2 323.727 651.454 648.054 <1−18 <1−18 >1017

AAA00 1 326.608 655.216 651.816 <1−18 <1−18 >1017

The first three letters of the models represent the populations sizes for the three lineages (Deep, Shallow, and ancestral). The next
two letters (or 0) indicate the migration from Deep to Shallow and from Shallow to Deep. Lineages with the same letter indicate same
population size and zero indicates no migration. AIC, Akaike information criterion inferred from the generalized linear model fitting; Δi,
difference in AIC score with respect to the best model; model likelihoods, relative likelihood of the model given the data; wi, model
probabilities; evidence ratio, difference in model probabilities between the proposed model and the best model (ABC0D).
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Table S6. Parameter estimates and boundaries of the 90% highest posterior density (HPD) for the Isolation with
Migration model between the Shallow and Deep lineages

Partition/location θ1 θ2 θa m1/μ m2/μ t/μ N1 N2 N1m1 N2m2

Habitat
All samples1 6.69 4.17 3.29 1.09 1.61 1.14 224,684 140,036 1.82 1.68
All samples2 6.70 4.22 3.53 0.97 1.75 1.09 224,916 141,753 1.63 1.84
Average 6.69 4.19 3.41 1.03 1.68 1.11 224,800 140,895 1.73 1.76
90HPD lower 4.83 3.08 1.37 0.46 1.02 0.31 162,387 103,619 0.56 0.79
90HPD upper 8.37 5.33 5.66 1.48 2.47 1.81 281,161 179,091 3.09 3.30
Bahamas1 3.40 2.25 4.92 0.10 0.49 4.81 114,126 75,512 0.08 0.28
Bahamas2 3.38 2.27 4.86 0.10 0.49 4.86 113,508 76,214 0.09 0.28
Bahamas3 3.42 2.32 3.92 0.10 0.45 3.15 115,002 77,802 0.09 0.26
Curaçao1 2.29 2.74 4.29 0.84 2.33 3.43 76,872 91,933 0.48 1.60
Curaçao2 2.27 2.56 4.77 0.98 3.26 5.64 76,204 85,921 0.56 2.09
Curaçao3 2.25 2.74 4.21 0.90 2.31 3.47 75,666 92,128 0.51 1.58
Panama1 6.29 0.88 4.51 2.52 1.48 2.58 211,151 29,427 3.95 0.32
Panama2 6.05 0.86 4.71 2.51 1.50 3.09 203,130 28,994 3.79 0.32
Panama3 6.80 0.82 4.81 3.91 2.37 3.13 228,325 27,419 6.64 0.48
Puerto Rico1 3.80 2.56 4.88 0.05 0.66 3.78 127,726 85,850 0.04 0.42
Puerto Rico2 3.88 2.59 4.79 0.05 0.66 3.39 130,198 87,144 0.05 0.43
Puerto Rico3 3.81 2.52 4.91 0.05 0.67 3.81 127,948 84,729 0.04 0.42

Lineage
All samples1 6.20 4.06 3.42 0.05 0.40 1.44 208,279 136,338 0.08 0.40
All samples2 6.35 3.79 3.77 0.05 0.41 1.71 213,425 127,215 0.08 0.38
Average 6.28 3.92 3.60 0.05 0.40 1.57 210,852 131,777 0.08 0.39
90HPD lower 4.76 2.88 0.60 0.00 0.20 0.81 159,911 96,814 0.00 0.14
90HPD upper 7.47 4.87 6.20 0.11 0.57 3.00 250,850 163,623 0.20 0.69
Bahamas1 3.67 2.10 3.39 0.10 0.25 2.66 123,222 70,510 0.09 0.13
Bahamas2 3.71 2.09 3.46 0.09 0.26 2.70 124,616 70,252 0.09 0.14
Curaçao1 2.96 1.12 4.04 0.13 1.19 3.43 99,279 37,680 0.10 0.33
Curaçao2 2.93 1.12 4.18 0.14 1.19 3.58 98,453 37,522 0.10 0.33
Panama1 2.86 1.24 3.89 0.18 0.41 3.35 96,095 41,661 0.13 0.13
Panama2 2.59 1.16 1.18 0.10 0.30 2.13 86,915 38,842 0.07 0.09
Puerto Rico1 3.85 2.36 4.57 0.05 0.41 3.64 129,395 79,270 0.04 0.24
Puerto Rico2 3.79 2.35 4.61 0.04 0.40 3.55 127,299 79,076 0.04 0.24
Puerto Rico3 3.91 2.47 4.22 0.05 0.38 3.46 131,246 83,116 0.05 0.23

Morph
All samples1 6.91 3.50 3.49 0.62 0.67 1.43 231,993 117,686 1.06 0.59
All samples2 6.95 3.54 3.75 0.62 0.70 1.30 233,293 119,003 1.08 0.62
Average 6.93 3.52 3.62 0.62 0.68 1.37 232,643 118,345 1.07 0.60
90HPD lower 5.07 2.51 1.00 0.31 0.33 0.58 170,428 84,440 0.39 0.21
90HPD upper 8.79 4.47 5.79 0.93 1.01 2.27 295,390 150,016 2.03 1.13
Bahamas1 3.66 2.08 3.30 0.10 0.26 2.78 122,842 69,976 0.09 0.14
Bahamas2 3.66 2.07 3.37 0.09 0.27 2.81 122,916 69,469 0.09 0.14
Curaçao1 3.19 1.10 4.09 0.30 1.81 3.30 106,991 36,961 0.24 0.50
Curaçao2 3.15 1.09 4.20 0.30 1.82 3.60 105,856 36,592 0.24 0.50
Panama1 6.49 0.90 4.68 2.59 1.67 3.04 218,074 30,193 4.21 0.38
Panama2 6.41 0.89 4.68 2.58 1.68 3.11 215,212 29,988 4.13 0.38
Puerto Rico1 3.84 2.36 4.53 0.04 0.41 3.67 128,989 79,196 0.04 0.24
Puerto Rico2 3.85 2.38 4.38 0.04 0.39 3.50 129,412 79,858 0.04 0.23

The geometric mean of the mutation rate per year was 4.96 x 10−7. Generation time was 17 y. The posterior distribution for the time
parameter was flat. The 90% HPD was estimated as the widest range across the three runs. Estimates from Bahamas, Curaçao, and
Panama should be interpreted with caution as the shallow and deep habitats may represent intermediate areas and not the strict
opposite sides of the depth gradient. θ1 = 4N1u, the population mutation rate Shallow; θ2 = 4N2u, the population mutation rate for
Deep; m1/μ, the migration rate, per mutation, from Deep to Shallow; m2/μ, the migration rate, per mutation, from Shallow to Deep; t/μ,
divergence time scaled by mutation rate; estimates should be interpreted carefully as the distribution was flat; N1, effective size of
Shallow; N2, effective size of Deep; NA, ancestral effective population size; N1m1, migrants per generation from Deep to Shallow; N2m2,
migrants per generation from Shallow to Deep.
*Estimates inferred from Puerto Rico only.
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Table S7. Genetic markers used in this study with closest blastx match

Gene region Code Blastx match Primer sequence Size, bp

Inositol 3 phosphatase I3P XP001638916.1 5′-TGGAAGAAGCTAAAAGGAGTGATAC-3′ 369–370
Nematostella vectensis 5′-TTGTTCTCCTGCTTTGAAGTTACC-3′

Elongation factor 1 alpha EF1a BAB63212.1 5′-GTGTCGAGACAGGAGTTCTCAAG-3′ 401
Ciona intestinalis 5′-GCAATATGAGCAGTGTGACAATC-3′

Calcium transporter 2 CT2 XP001641230.1 5′-ATTCTGACACAGCCTACAGAGTC-3′ 263
5′-TATATGTTCCACATAGCAGCTTGG-3′

Mismatch repair gene MSH ABV26565.1 *ND42599F: 5′-GCCATTATGGTTAACTATTAC-3′ 631
Nematostella vectensis Mut- 3458R: 5′-TSGAGCAAAAGCCACTCC-3′

*Primers are from France and Hoover (1).

1. France SC, Hoover LL (2001) Analysis of variation in mitochondrial DNA sequences (ND3, ND4L, MSH) among Octocorallia (=Alcyonaria) (Cnidaria: Anthozoa). Bull Biol Soc Wash 10:110–118.
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