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a b s t r a c t

Allorecognition is the capability of an organism to recognize its own or related tissues. The colonial
ascidian Botryllus schlosseri, which comprises five genetically distinct and divergent species (Clades A-E),
contains two adjacent genes that control allorecognition: fuhcsec and fuhctm. These genes have been
characterized extensively in Clade A and are highly polymorphic. Using alleles from 10 populations
across the range of Clade A, we investigated the type and strength of selection maintaining this variation.
Both fuhc genes exhibit higher within-population variation and lower population differentiation mea-
sures (FST) than neutral loci. The fuhc genes contain a substantial number of codons with >95% posterior
probability of dN/dS > 1. fuhcsec and fuhctm also have polymorphisms shared between Clade A and Clade E
that were present prior to speciation (trans-species polymorphisms). These results provide robust evi-
dence that the fuhc genes are evolving under balancing selection.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Allorecognition is the ability of an organism to distinguish self
from non-self, or related individuals from non-related individuals
(kin discrimination). Well-studied systems of allorecognition are
present on all branches of the tree of life: from prokaryotes such as
Bacteria (Cao et al., 2015; Rendueles et al., 2015; Stefanic et al.,
2015; Wenren et al., 2013), to unicellular eukaryotes like Arch-
amoebae (Espinosa and Paz-y-Mi~no-C, 2012), Ciliophora (Cervantes
et al., 2013; Chaine et al., 2010), Dikarya (Brückner and M€osch,
2012; Goossens et al., 2015; Glass et al., 2000; Raudaskoski, 2015)
and Mycetozoa (Kalla et al., 2011; Kaushik et al., 2006; Mehdiabadi
et al., 2006; and Romeralo et al., 2012), to multicellular eukaryotes
such as Plantae (Allen and Hiscock, 2008; Iwano and Takayama,
2012; Pandey, 1960; Wu et al., 2013) and Animalia (Flajnik and
Kasahara, 2010, Hughes et al., 2004; Karadge et al., 2015; Puill-
Stephan et al., 2012, Raftos, 1994; Saito, 2013; Smith et al., 2012;
Taketa and De Tomaso, 2015; Westerman et al., 2009).
. Nydam), emily.stephenson.
@centre.edu (C.E. Waldman),
.

The genetic basis of allorecognition is not well understood in
invertebrates, with the exception of the hydroid Hydractinia sym-
biolongicarpus and the ascidians Ciona robusta and Botryllus
schlosseri (Grosberg and Plachetzki, 2010). In C. robusta, allor-
ecognition loci provide a mechanism for inbreeding avoidance (Ban
et al., 2005; Harada et al., 2008), similar to the SI (Self-In-
compatibility) loci in angiosperms (Iwano and Takayama, 2012). In
B. schlosseri, allorecognition loci allow neighboring colonies to
determine whether or not they are related; only related colonies
fuse to form a new colony.

B. schlosseri comprises five cryptic species: Clades A-E (Bock
et al., 2012; Lopez-Legentil et al., 2006); all previous allor-
ecognitionwork has focused on Clade A only. Clade A is found in all
the major oceans of the world (Bock et al., 2012; Yund et al., 2015).
Clades B-D have only been described from <10 individuals each,
found in 1e2 locations in the western Mediterranean Sea, the
southern Bay of Biscay or the English Channel (Bock et al., 2012;
Lopez-Legentil et al., 2006). Clade E is widespread in the north-
eastern Atlantic Ocean and Mediterranean Sea (Bock et al., 2012;
Lopez-Legentil et al., 2006). The species within the B. schlosseri
complex are genetically divergent: 10.8e16.5% at themitochondrial
cytochrome oxidase I locus (mtCOI; Bock et al., 2012). Bayesian
clustering of seven microsatellite loci revealed no evidence of gene
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flow between Clades A, D or E (Clades B and C were not analyzed)
(Bock et al., 2012).

The Clade A allorecognition determinant was initially thought to
be a single gene with two alternative transcripts (De Tomaso et al.,
2005) but has since been characterized as two genes separated by
227 base pairs (Nydam et al., 2013a). fuhcsec encodes a 555 amino
acid protein that is secreted from the cell, and fuhctm encodes a 531
amino acid membrane-bound protein (Nydam et al., 2013a). Both
proteins are highly polymorphic, although fuhcsec is more variable
than fuhctm (Nydam et al., 2013b). Polymorphisms in both proteins
predict allorecognition outcome. However, fuhcsec may be deter-
mining or driving histocompatibility (Nydam et al., 2013a). Evi-
dence for this possibility comes from repeated pairings between
two genotypes that result in rejections so weak that they are often
mistaken as non-reactions (Nydam et al., 2013a). Rejection severity
is thought to be linked to divergence between alleles: more amino
acid differences between alleles resulting in stronger rejections
(Scofield and Nagashima, 1983). In this weak rejection, the fuhcsec

alleles were nearly identical but the fuhctm alleles were divergent.
The extensive polymorphism in allorecognition loci is main-

tained by natural selection, either balancing or directional
(reviewed in Nydam and De Tomaso, 2011). Balancing selection
maintains polymorphism in a population by pushing an allele to an
intermediate frequency, whereas directional selection reduces
polymorphism in a population by moving an allele to fixation
(Hedrick, 2007). Several population genetic tests are commonly
used to detect selection; in some cases these tests can also differ-
entiate between balancing and directional selection. A summary of
the tests used in the allorecognition literature and in this study is
presented in Table 1.

In several allorecognition systems, balancing selection has
maintained polymorphisms that were present prior to speciation
(Figueroa et al., 1988; Guo et al., 2011; Ioerger et al., 1990; Sato et al.,
2002; Wu et al., 1998). Selection has been shown to operate on
Clade A fuhcsec and fuhctm when sequences from the eastern Pacific
and northwestern Atlantic Oceans were analyzed. u statistics (dN/
dS) revealed codons throughout fuhcsec and fuhctm with >95%
probability of u > 1 and values of Tajima's D that deviated from
neutrality at allorecognition loci but not at any of 12 housekeeping
loci (Nydam et al., 2013b). Additionally, a statistically significant
lack of population structure at both fuhcsec and fuhctm was con-
trasted with strong structure at 12 housekeeping loci (Nydam et al.,
2013b), mtCOI (Lopez-Legentil et al., 2006), and microsatellites
(Ben-Shlomo et al., 2010; Bock et al., 2012). However, the type of
selection could not be identified with confidence: u statistics
Table 1
Population genetic tests used in this study to detect directional and balancing selection

Test Inference

Neutrality Statistics Negative values ¼ directional selection
Positive values ¼ balancing selection
Values ¼ 0 ¼ neutral evolution (no selection)

McDonald Kreitman Excess of nonsynonymous fixed differences ¼ directional s
Excess of nonsynonymous polymorphisms ¼ balancing sel
Ratio of nonsynonymous to synonymous polymorphism is
evolution (no selection)

HKA Difference in amount of polymorphism and divergence bet
selection
Difference in amount of polymorphism and divergence betw
(no selection)

u (dN/dS) Values > 1 ¼ directional or balancing selection
Values ¼ 1 ¼ neutral evolution (no selection)

Distribution of
polymorphism

Lower polymorphism within populations and higher differ
Higher polymorphism within populations and lower differ
Similar levels of polymorphismwithin populations and simi
(no selection)
cannot differentiate between balancing and directional selection,
Tajima's D statistics provided evidence for directional selection, and
analyses of population structure pointed towards balancing selec-
tion (Nydam et al., 2013b).

The current study aims to conclusively determine whether
balancing or directional selection is acting on Clade A B. schlosseri
allorecognition loci. In our previous study, we only included Clade A
populations from the eastern Pacific and northwestern Atlantic
Oceans. This limited sampling could explain the inconsistent pat-
terns of selection inferred in Nydam et al., 2013b. Here, we include
Clade A sequences from four new populations (two from the En-
glish coast of the English Channel and two from the French coast of
the English Channel). We can now analyze selection patterns in 10
populations, whichmay result in a stronger consensus about which
type of selection is most prevalent in the species as a whole.
Conversely, populations in different geographic regions may be
experiencing different types of selection. Adding a new geographic
region allows us to contrast the evolutionary history of Clade A
fuhcsec and fuhctm in three geographic regions (eastern Pacific,
northwestern Atlantic, and English Channel). Inclusion of only
Clade A sequences in Nydam et al., 2013b limited the scope of the
population genetic analyses we could perform. In the current study,
we include Clade E fuhcsec and fuhctm sequences to make inferences
of selection that were not possible with intraspecific data from
Clade A, including tests of trans-species polymorphism.

2. Materials and methods

2.1. Sampling

Clade A and Clade E colonies were collected from floating docks
in the eastern Pacific, northwestern Atlantic, Bay of Biscay, Medi-
terranean, and English Channel from 2009 to 2015 (Table 2). Col-
onies from Clades B, C and D were not recovered, despite collecting
in all locations where they had been previously found. Colonies
were collected from several locations in each harbor or marina in
order to include a broad representation of the fuhc alleles in the
population. Single systems were cut from individual colonies and
immediately placed in RNAlater® (Thermo Fisher Scientific, Wal-
tham, MA, USA). Samples were stored at �80 �C within 12 days of
collection.

2.2. Amplification and sequencing: fuhc genes

Because morphological characters differentiating Clade A and
at fuhcsec and fuhctm.

election
ection
equal to the ratio of nonsynonymous to synonymous divergence ¼ neutral

ween two loci cannot be explained by difference in mutation rate ¼ balancing

een two loci can be explained by difference in mutation rate ¼ neutral evolution

entiation between populations than neutral loci ¼ directional selection
entiation between populations than neutral loci ¼ balancing selection
lar levels of differentiation between populations to neutral loci¼ neutral evolution



Table 2
fuhcsec and fuhctm alleles used in this study. NW Atlantic ¼ northwestern Atlantic
Ocean, CA ¼ California USA, MA ¼Massachusetts USA, WA ¼Washington USA, FR ¼
France, SP ¼ Spain, UK ¼ United Kingdom.

fuhcsec

Region Population # Clade A alleles # Clade E alleles

Bay of Biscay Burela, SP 0 2
Ferrol, SP 0 2
Sada, SP 0 3

English Channel, UK Falmouth, UK 0 8
Hamble, UK 26 0
Parkstone, UK 0 2
Poole, UK 25 4

English Channel, FR Brest, FR 7 0
Concarneau, FR 23 2

Mediterranean Escala, SP 0 1
NW Atlantic Falmouth, MA 17 0

Quissett, MA 22 0
Sandwich, MA 22 0

Pacific Monterey, CA 8 0
Santa Barbara, CA 16 0
Seattle, WA 26 0

fuhctm

Region Population # Clade A alleles # Clade E alleles

Bay of Biscay Sada, SP 0 4
Santander, SP 0 1

English Channel, UK Falmouth, UK 0 12
Gosport, UK 0 7
Hamble, UK 27 0
Parkstone, UK 0 2
Poole, UK 19 4
Torquay, UK 0 6

English Channel, FR Brest, FR 10 2
Concarneau, FR 20 1
Granville, FR 0 3
Perros-Guirec, FR 0 3
Roscoff, FR 0 2

Mediterranean Escala, SP 0 1
NW Atlantic Falmouth, MA 17 0

Quissett, MA 21 0
Sandwich, MA 26 0

Pacific Monterey, CA 10 0
Santa Barbara, CA 8 0
Seattle, WA 20 0
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Clade E have not been identified (Bock et al., 2012), all sampleswere
first sorted into clades by examining the sequences of two genes:
mitochondrial cytochrome oxidase I (mtCOI) and nuclear 18S rRNA.
To amplify these two genes, genomic DNA was extracted from
whole systems using a Nucleospin Tissue Kit® (Macherey-Nagel,
Düren, Germany). The mtCOI gene was amplified using the uni-
versal invertebrate primers LCO1490 and HCO2198 (Folmer et al.,
1994). The 18S rRNA gene was amplified using 557F and 30R
(Teske et al., 2011). PCR amplification was performed in a GenePro
Thermal Cycler (Bulldog Bio, Portsmouth, NH, USA) using a 10-ml
total reaction volume with 2 mMMgCl2, 0.2 mM dNTPs, 1 ml of 10�
buffer (50 mM KCl, 20 mM Tris (pH 8.4)), 0.2 mM of each primer,
0.08 U of Taq Polymerase (New England Biolabs, Ipswich, MA) and
1 ml of template DNA. The mtCOI PCR protocol was as follows: 35�
(95 �C for 30 s, 51 �C for 1 min, 72 �C for 1 min). The 18S PCR
protocol was as follows: 35� (95 �C for 30 s, 54 �C for 1 min, 72 �C
for 2 min). PCR products were incubated with 0.5 ml each of
Exonuclease I (New England Biolabs, Ipswich, MA) and Antarctic
Phosphatase (New England Biolabs, Ipswich, MA) at 37 �C for
45 min, followed by 90 �C for 10 min. The PCR products were
sequenced at the University of California Berkeley Sequencing Fa-
cility and the University of Kentucky's Advanced Genetic Technol-
ogies Center using ABI-3730 automated sequencers (Applied
Biosystems, Foster City, CA).
Once each individual was identified as Clade A or Clade E, total
RNAwas extracted from frozen tissue using the NucleoSpin Nucleic
Acid and Protein Purification Kit (Macherey-Nagel, Düren, Ger-
many). This RNA was used to synthesize single-stranded cDNA
using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) and an oligo (dT) primer. PCR primers for fuhcsec are Whole-
IgF2: 50 GAAATGTTGCTGAAAATATTCTGTCTT 30 and 14-18soeR: 50

TACTTCAAGTCGACAGTTCCAATCAACGTA 30. PCR primers for fuhctm

are 14-18soeF: 50 TACGTTGATTGGAACTGTCGACTTGAAGTA 30 and
WholeIgR2: 50 GATACTTGGCTCTCGCCTTGATCTT 3'. The fuhcsec PCR
protocol was 35� (95 �C for 30 s, 51 �C for 30 s, 72 �C for 2 min),
72 �C for 5min, and the fuhctm PCR protocol was 35� (95 �C for 30 s,
55 �C for 30 s, 72 �C for 2min), 72 �C for 5min. 20 ml PCRs contained
13.6 ml of H2O, 4 ml of 5� HF buffer (Thermo Fisher Scientific,
Waltham, MA, USA), 0.2 mM dNTPs, 0.6 ml of 100% DMSO,
0.3333 mM of each primer, 0.02 U/ml of Phusion Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA), and 2 ml of template
DNA. PCR products were cloned using the pGEM®T kit (Promega,
Madison, WI).

48 clones from each cloning reaction were used as template for
PCR amplifications using m13 primers; the length of the insert in
each clone was then visualized on an agarose gel. All inserts of the
correct length were sequenced, unless >12 of the 48 clones con-
tained inserts of the correct length. In these cases, 12 clones con-
taining inserts of the correct length were randomly picked for
sequencing. Inserts were sequenced in both the forward and
reverse directions using m13 primers. Forward and reverse se-
quences for each clone were combined and manually edited to
create a consensus sequence. All inserts for each individual were
aligned, and alleles were identified from the alignment. Sequences
of alleles from each individual were submitted to GenBank: fuhcsec

JN082923-JN083035, KX649238-KX649339, fuhctm JN082923-
JN083035, KX649340-KX649462. Sequences were aligned using
Muscle (MUltiple Sequence Comparison by Log-Expectation) as
implemented in the Aligner 6.0.2 software (Codon Code Corpora-
tion, Centerville, MA). Alignments were then manually edited.

2.3. Amplification and sequencing: housekeeping genes

For each eastern Pacific and northwestern Atlantic population,
the following 12 housekeeping genes were amplified: 40S ribo-
somal protein 3A, 60S ribosomal protein L6, 60S ribosomal protein
L8, 60S ribosomal protein L10, 60S ribosomal protein L13, ADP/ATP
translocase 3, adult-type muscle actin 2, cytoplasmic actin 2, heat
shock cognate 71 kDa protein, heat shock protein HSP-90 beta, vasa,
and vigilin. These genes were chosen because they are not expected
to evolve via natural selection: any deviation from neutral evolu-
tion in these genes would signify demographic events that have
affected the entire genome rather than selection at individual loci.

For each English Channel population, four housekeeping genes
(60S ribosomal protein L6, 60S ribosomal protein L13, adult-type
muscle actin 2, and heat shock cognate 71 kDa protein) were
amplified. These four housekeeping genes were chosen because
they were representative of the overall pattern of population
structure exhibited by the 12 housekeeping genes sequenced for
populations in the northwestern Atlantic and eastern Pacific re-
gions (Nydam et al., 2013b). In the northwestern Atlantic and
eastern Pacific analysis, the four housekeeping genes had an
average 71% of variation within populations, compared to an
average 73% of variationwithin populations in the 12 housekeeping
genes (Nydam et al., 2013b).

PCR protocols for all housekeeping genes are listed in
Supplementary Table 1. PCR products were sequenced at the Uni-
versity of California Berkeley Sequencing Facility and the University
of Kentucky's Advanced Genetic Technologies Center using ABI-



M.L. Nydam et al. / Developmental and Comparative Immunology 69 (2017) 60e74 63
3730 automated sequencers (Applied Biosystems, Foster City, CA).
All sequences were phased using DnaSP 5.10.1 (Librado and Rozas,
2009). All sequences have been submitted to GenBank (40S ribo-
somal protein 3A: JQ596880-JQ596936, 60S ribosomal protein L6:
JQ596937-JQ597084, KX649463-KX649549, 60S ribosomal protein
L8: JQ597085-JQ597174, 60S ribosomal protein L10: JQ597175-
JQ597294, 60S ribosomal protein L13: JQ597595-JQ597716,
KX649550-KX649631, heat shock cognate 71 kDa protein:
JQ597295-JQ597430, KX649632-KX649701, cytoplasmic actin 2:
JQ597431-JQ597548, ADP/ATP translocase 3: JQ597549-JQ597594,
heat shock protein HSP-90 beta: JQ597717-JQ597826, adult-type
muscle actin 2: JQ597827-JQ597974, KX649702-KX649761, vasa:
JN083304-JN083376, vigilin: JQ597975-JQ598070). Sequences
were aligned and edited following the fuhc methods above.

2.4. Analyses

2.4.1. Selection
The following Clade A populations from Table 2 were used for all

selection analyses in both fuhc genes: eastern Pacific populations
(Monterey CA USA, Santa Barbara CA USA and Seattle WA USA),
northwestern Atlantic populations (FalmouthMAUSA, Quissett MA
USA, Sandwich MA USA), and English Channel populations (Brest
France, Concarneau France, Hamble England, Poole England). The
polymorphism statistics p (nucleotide diversity) and number of
haplotypes for each Clade A population for all genes in this study
were calculated in DnaSP 5.10.1 (Librado and Rozas, 2009)
(Supplementary Table 2).

Both Fu and Li's and Tajima's neutrality statistics were used to
assess selection on fuhcsec and fuhctm in Clade A populations (Fu and
Li, 1993; Tajima, 1989). These statistics were calculated using DnaSP
5.10.1 (Librado and Rozas, 2009). Negative values of Fu and Li and
Tajima's statistics are evidence for directional or purifying selec-
tion, and positive values for balancing selection (Fu and Li, 1993;
Tajima, 1989).

In highly polymorphic loci such as fuhcsec and fuhctm, elevated
mutation rates can cause positive values of neutrality test statistics
independent of balancing selection (Cutter et al., 2012; Stadler
et al., 2009). This effect can be recognized when population-level
sampling (aka “local” sampling) yields site-frequency spectra that
are skewed toward intermediate frequency alleles when compared
to spectra obtained from grouping alleles from multiple pop-
ulations into the same sample (aka “pooled” sampling).

To test for a pooling effect, all neutrality test statistics were
calculated for each population individually (local), and for pop-
ulations pooled in three different ways: 1) all populations in the
entire species pooled, 2) all populations in each region (eastern
Pacific, northwestern Atlantic, English Channel) pooled, 3) English
populations in the English Channel pooled, and the French pop-
ulations in the English Channel pooled. Cutter et al. (2012) provided
a model for the pooling schemes. Each of the four analyses (one
local and three pooled) was run three times: with non-synonymous
and synonymous sites, non-synonymous sites only, and synony-
mous sites only. P values for each analysis were obtained through
1000 coalescent simulations using q, because preliminary analyses
showed that simulations using q and segregating sites gave similar
results. q ¼ 4 Nm, where N is the effective population size, and m is
the mutation rate. Per gene recombination (R) for each population
was determined in DnaSP 5.10.1 (Librado and Rozas, 2009) and used
in the coalescent simulations.

We were not able to amplify fuhcsec from other botryllid species
to use as an outgroup for Fu and Li's D and F statistics. We therefore
calculated D* and F*, which do not use outgroup sequences. For
fuhctm, we used a sequence from Botrylloides diegensis as an out-
group for Fu and Li's D and F statistics.
The Tajima's D neutrality statistic was also calculated for each
housekeeping gene sequenced in this study using DnaSP 5.10.1
(Librado and Rozas, 2009). P values were obtained as described
above for the fuhc loci. None of the 12 housekeeping genes were
found to show a pooling effect in the northwestern Atlantic or
eastern Pacific regions (Nydam et al., 2013b), so neutrality test were
conducted on local samples only.

The McDonald Kreitman test (McDonald and Kreitman, 1991)
was used to compare the synonymous substitutions within and
between Clades A and E to the nonsynonymous substitutions
within and between Clades A and E, to test for selection operating
on fuhcsec and fuhctm. The MK test was executed in DnaSP 5.10.1
(Librado and Rozas, 2009). The HKA (Hudson, Kreitman and
Aguade) test was used to compare polymorphism and divergence
in fuhcsec and fuhctm to polymorphism and divergence at a neutral
locus: 60S ribosomal protein L6 (Hudson et al., 1987). The HKA test
direct mode option was selected in DnaSP 5.10.1.

Using the program omegaMap 0.5 (Wilson and McVean, 2006),
the selection statistic u (dN/dS) and 95% HPD (high density proba-
bility) regions were calculated across fuhcsec and fuhctm for all 10
Clade A populations. u > 1 indicates balancing or directional se-
lection, whereas u < 1 signals purifying selection. The posterior
probability of selection per codon was also determined for each
gene. The analyses were run by the Computational Biology Service
Unit at Cornell University. Each run comprised 250,000 iterations,
with every 1000th iteration recorded. The following distributions
were used: improper inverse for m (rate of synonymous trans-
version) and k (transitionetransversion ratio), inverse for u (se-
lection parameter) and r (recombination rate). Initial parameter
values were 0.1 for m and 3.0 for k. u and r priors ranged from 0.01
to 100. u values could vary across sites, through the use of an in-
dependent model. The traces of m and k were plotted to decide the
range of burn-in for each run. Two runs were produced for each
population for each gene. These two runs were always combined,
because the mean and 95% HPD regions for each parameter in the
two runs were similar in every case. Exons 5 and 6 for fuhcsec and
Exons 3 and 10 for fuhctm were determined to have at least two
codons that had >95% posterior probability of u > 1 in a majority of
the populations. Selection statistic values for these exons as well as
exon regions containing predicted domains (fuhcsec: Exons 8e9,
fuhctm: Exons 1e3, 4e5, 10) were compared with selection statistic
values averaged across the rest of the gene using one-tailed Man-
neWhitney U-tests in R 3.3.1 (R Core Team, 2016).

Assuming selection pressures are similar between populations,
populations experiencing balancing selection at fuhcsec and fuhctm

should have higher variation within populations and lower differ-
entiation between populations than neutral loci (and lower varia-
tion within populations and high differentiation between
populations for directional selection) (Schierup et al., 2000).
Balancing selection maintains variation within a population, as
opposed to purifying or directional selection, which results in
decreased variation within a population.

Distribution of polymorphism within and among Clade A pop-
ulations was investigated for fuhcsec, fuhctm, and all amplified
housekeeping genes in Arlequin 3.5.2.2 (Excoffier and Lischer,
2010). AMOVA (Analysis of MOlecular VAriance), fixation indices
(FCT, FSC, FST) and population pairwise FST values were determined.
Each region (eastern Pacific, northwestern Atlantic, English Chan-
nel) was analyzed separately. The eastern Pacific and northwestern
Atlantic populations were each combined into a single group, so
variationwas apportioned within and among populations only. The
English Channel populations were separated into English (Hamble
and Poole) and French (Brest and Concarneau) groups, so variation
was split among groups, among populations within groups, and
within populations. Because the comparison of population
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structure between fuhc genes and neutral loci allows inference of
selection (Schierup et al., 2000), AMOVA, fixation indices and
population pairwise FST values were calculated for all amplified
housekeeping genes.

Population structurewas also analyzed using STRUCTURE v.2.3.4
(Hubisz et al., 2009). Two data files were constructed: one for the 12
Clade A nuclear housekeeping genes plus mitochondrial COI, and
one for the Clade A fuhc genes. Sequence data was recoded as fol-
lows: for each gene, each unique haplotype was given a numerical
code (i.e. 1:n, where n is the number of unique haplotypes
sequenced for a particular gene) (Pritchard, 2010). Each individual's
haplotype was then determined, and the numerical code of the
individual's haplotype was then recorded as an allele in the data
file. An admixture ancestry model was employed. Admixture link-
age disequilibrium was not modeled and prior population infor-
mation (i.e. LOCPRIOR and USEPOPINFO) was not used. Allele
frequencies were assumed to be independent, with l ¼ 1.

Analyses were run for K ¼ 1:10, because there are 10 Clade A
populations in this study. The appropriate value of K was deter-
mined by comparing the estimated log probability of the data for
each K. For the housekeeping genes data file, K ¼ 3 had the largest
estimated log probability (�3540.9) and no other K values had log
probabilities within 5e10 points of the log probability for K ¼ 3. In
this case, K ¼ 3 is the appropriate value of K (Pritchard, 2010). For
the fuhc genes data file, estimated log probabilities for K¼ 1:6 were
very similar (between �1620 and �1636), and were all substan-
tially larger than the estimated log probabilities for K ¼ 7:10
(between �1686 and �1875). In this case, the smallest value of K
should be chosen (K ¼ 1) (Pritchard, 2010). We also examined the
values of Q for K ¼ 2, because K ¼ 2 had the largest estimated log
probability. The estimated log probability of K¼ 1was�1626.7, and
of K ¼ 2 was �1620.5.

Burn-in was 10,000 steps, with a total run length of 100,000
steps. Summary statistics of a and likelihood parameters were
assessed to determine the appropriate burn-in and run length. Q,
which is the proportion of each individual's ancestry attributed to
population K, was graphed using STRUCTURE PLOT v.2.0
(Ramasamy et al., 2014).
2.4.2. Trans-species polymorphism
Several analyses were conducted to investigate whether trans-

species polymorphism (retention of polymorphism present in the
ancestor of Clade A and Clade E) exists in this system. First, the
number of fixed differences between Clade A and Clade E in fuhcsec

and fuhctm was calculated and compared to the number of fixed
differences between Clade A and Clade E in mtCOI. Lack of fixed
differences suggests that mutations are maintained at intermediate
Table 3
Fu and Li's D*/D, F*/F and Tajima's D values for fuhcsec and fuhctm. In each column, the
sites, the third value using synonymous sites. *p value < 0.05, **p value < 0.01.

fuhcsec

Region Fu and Li's D*

England �0.18/-0.09/-0.41
France 0.76/1.04/0.17
NW Atlantic �2.08**/-1.69*/-1.99*
Pacific �0.88/-1.43**/-0.09

fuhctm

Region Fu and Li's D

England 1.89/1.63/1.95
France �0.05/-1.11/0.26
NW Atlantic �1.90*/-2.55**/-0.32
Pacific �1.26*/-0.27/0.81
frequencies by balancing selection (Garrigan and Hedrick, 2003).
Second, dS (average number of synonymous substitutions per
synonymous site) was calculated for Clade A fuhcsec and fuhctm al-
leles and compared to dS for Clade A and Clade E in four house-
keeping genes (60S ribosomal protein L6, 60S ribosomal protein
L13, adult-type muscle actin 2, and heat shock cognate 71 kDa
protein). dS values were calculated in DnaSP 5.10.1 (Librado and
Rozas, 2009). This analysis is based on the prediction that intra-
specific dS values from fuhc geneswill be larger than interspecific dS
values from neutral loci, if fuhc alleles pre-date species (Ioerger
et al., 1990).

Third, Maximum Likelihood trees of Clade A and Clade E in-
dividuals based on fuhcsec, fuhctm, 18S rRNA andmtCOI were created
in MEGA 6.0 (Tamura et al., 2013) in order to visualize the extent to
which alleles have sorted in the four genes. Recent introgression or
ancestral polymorphism maintained by balancing selection in the
fuhc genes can be inferred from a pattern of incomplete lineage
sorting in fuhc genealogies as compared to the 18S rRNA or mtCOI
genealogies. A GTR þ I þ G (General Time Reversible, Gamma
distributed with invariant sites) model was used. 1000 bootstrap
replicates were obtained.
3. Results

3.1. Selection

For Fu and Li's D* and F* and Tajima's D neutrality tests of fuhcsec,
a consistent pooling effect was detected for the eastern Pacific re-
gion, the northwestern Atlantic region, and the English populations
in the English Channel region. Local values were consistently higher
than pooled values when all sites, nonsynonymous sites only, and
synonymous sites only were considered (Supplementary Table 3).
Therefore, pooled values were used (Table 3) because local values
are skewed towards an artefactual excess of intermediate fre-
quency alleles. Of the three pooling schemes presented in the
Methods, we chose the third scheme: all populations in the eastern
Pacific pooled, all populations in the northwestern Atlantic pooled,
English populations in the English Channel pooled, and the French
populations in the English Channel pooled. The first scheme (all
Clade A populations pooled) does not allow us to examine differ-
ences between regions. The second scheme (all populations in each
of the three regions pooled) pools all English Channel populations
together, and we determined that the English and French pop-
ulations have distinct values for neutrality test statistics
(Supplementary Table 3).

For Fu and Li's D and F neutrality tests of fuhctm, a consistent
pooling effect was detected in the eastern Pacific region and the
first value was obtained using all sites, the second value using non-synonymous

Fu and Li's F* Tajima's D

�0.16/-0.06/-0.38 �0.05/0.01/-0.18
0.78/1.06/0.20 0.46/0.59/0.18
�1.92**/-1.91*/-1.66* �1.49**/-1.29*/-1.16*
�0.93/-1.31/-0.34 �0.60/-0.39/-1.30*

Fu and Li's F Tajima's D

1.00/0.58/1.19 �0.56/-1.32/-0.48
0.09/-1.13/0.47 0.55/-0.6/0.6
�1.96*/-2.55**/-0.63 �1.21*/-1.51*/-0.70
�1.27*/-0.01/0.57 �0.72/-1.14*/-0.22
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northwestern Atlantic region (Supplementary Table 3). A consistent
pooling effect was detected for all three regions using Tajima's D
(Supplementary Table 3). Therefore, pooled values were used
(Table 3) because local values are skewed towards an artefactual
excess of intermediate frequency alleles. We chose the third pool-
ing scheme for the same reasons presented for fuhcsec above. The
eastern Pacific and northwestern Atlantic regions have negative
fuhc values for all three statistics in nearly every analysis. The re-
sults for the English Channel are more variable. For fuhcsec, English
values are negative and French values are positive. For fuhctm, En-
glish values are positive for Fu and Li's statistics but negative for
Tajima's D. French values are negative for nonsynonymous sites,
and positive for all sites and synonymous sites.

Based on neutrality test statistics, selection on both fuhc genes, if
present, is weak in the English Channel. None of the neutrality test
values are statistically different from zero, regardless of which
neutrality test is employed or whether all sites, nonsynonymous
sites or synonymous sites are considered. This is in sharp contrast
to the northwestern Atlantic populations, where all fuhcsec

neutrality tests are statistically significant regardless of which sites
are considered, and where fuhctm tests are statistically significant
for all sites and nonsynonymous sites. The English Channel results
are also in contrast to the eastern Pacific region, where Fu and Li's
D* for fuhcsec using nonsynonymous sites and Fu and Li's D and F
using all sites and Tajima's D using nonsynonymous sites are
different from zero at a ¼ 0.05.

In neutrality tests, deviations from zero can indicate de-
mographic effects as well as selection. However, demographic
events like rapid population expansion after a bottleneck or sub-
divided populations would be detected genome-wide. No house-
keeping genes showed any statistical deviation from zero for
Tajima's D in any of the populations used in this study, except for
one gene in one population (60S ribosomal protein L10 in
Table 4
fuhcsec and fuhctm codons with >95% posterior probability of u > 1, number of such co
value < 0.05, **W values with a p value < 0.01, ***W values with a p value < 0.001.

fuhcsec

Population Region # codons

Brest, FR English Channel 16
Concarneau, FR English Channel 18
Hamble, UK English Channel 17
Poole, UK English Channel 17
Average English Channel 17
Falmouth, MA NW Atlantic 21
Quissett, MA NW Atlantic 30
Sandwich, MA NW Atlantic 25
Average NW Atlantic 25
Monterey, CA Pacific 22
Santa Barbara, CA Pacific 27
Seattle, WA Pacific 35
Average Pacific 28

fuhctm

Population Region # codons Exon 3

Brest, FR English Channel 10 12,096
Concarneau, FR English Channel 18 9930
Hamble, UK English Channel 9 11,927
Poole, UK English Channel 12 10,990
Average English Channel 12 11,236
Falmouth, MA NW Atlantic 20 10,379
Quissett, MA NW Atlantic 10 14,058***
Sandwich, MA NW Atlantic 17 10,540
Average NW Atlantic 16 11,659
Monterey, CA Pacific 12 11,889
Santa Barbara, CA Pacific 18 11,312
Seattle, WA Pacific 10 11,577
Average Pacific 13 11,593
Sandwich, MA, USA; Supplementary Table 4).
There were no fixed differences (either synonymous or non-

synonymous) between Clade A and Clade E in either fuhcsec or
fuhctm. As the McDonald Kreitman test assesses heterogeneity in a
2 � 2 matrix, the test cannot be run if two of the four cells in the
matrix are zero. Neither the HKA test for fuhcsec nor fuhctm provided
evidence of non-neutral evolution. The HKA Х2 value for fuhc sec

was 0.173 (p value ¼ 0.68) and for fuhc tmwas 0.98 (p value ¼ 0.32).
u statistics for both fuhcsec and fuhctm are shown in Table 4. The

average number of fuhcsec codons with >95% posterior probability
of u > 1 is 17 for the English Channel populations, 25 for the
northwestern Atlantic, and 28 for the eastern Pacific. The codons in
Exon 5 have a statistically higher u value than the rest of the
transcript for Hamble, England in the English Channel, all north-
western Atlantic populations, and Seattle, WA, USA in the eastern
Pacific. The codons in Exon 6 have a statistically higheru value than
the rest of the transcript for Falmouth, MA, USA and Sandwich, MA,
USA in the northwestern Atlantic. u values in Exons 8 and 9 do not
differ from the rest of the transcript in any populations.

The average number of fuhctm codons with >95% posterior
probability of u > 1 is 12 for the English Channel populations, 16 for
the northwestern Atlantic, and 13 for the eastern Pacific. The co-
dons in Exon 3 have a statistically higheru value than the rest of the
transcript for Quissett, MA, USA in the northwestern Atlantic. The
codons in Exon 10 have a statistically higheru value than the rest of
the transcript for Hamble, England in the English Channel. The
codons in Exon 4e5 have a statistically higher u value than the rest
of the transcript for Seattle, WA, USA in the eastern Pacific. u values
in Exons 1e3 analyzed together and Exons 1e5 analyzed together
do not differ from the rest of the transcript in any populations.

AMOVA-based population structure analyses clearly show that
all three regions have higher within population variation in their
fuhc genes than in housekeeping genes averaged together (Table 5).
dons in each population, W values of Mann-Whitney U Tests. *W values with a p

Exon 5 Exon 6 Exon 8/9

12,663 7444 11,580
12,149 7490 12,671
13,700** 9093 11,803
12,740 9077 11,689
12,813 8276 11,936
14,408** 9917* 11,290
14,804*** 8724 12,833
16,392*** 10,123** 9400
15,201 9588 11,174
10,499 8025 10,676
12,997 9093 10,221
13,574* 8210 12,641
12,357 8443 11,179

Exon 10 Exons 1-3 Exons 1-5 Exons 4-5

10,775 18,745 22,322 15,293
11,052 17,788 21,212 15,140
12,345* 17,339 22,399 16,776
9355 18,606 22,244 15,354
10,882 18,120 22,044 15,641
10,899 18,678 22,222 9825
10,818 11,921 22,313 10,392
10,145 18,542 22,544 10,111
10,621 16,380 22,360 10,109
10,399 17,547 23,614 11,406
11,453 18,416 23,704 11,035
9042 14,672 24,310 13,366*
10,298 16,878 23,876 11,936



Table 5
fuhcsec, fuhctm and housekeeping gene percentage variation within populations, FST
and population pairwise FST values for Clade A. Pairwise FST values are averages of all
pairwise FST values between all populations in the region. Housekeeping gene values
are averages of all four housekeeping genes amplified for each region.

English Channel fuhcsec fuhctm Housekeeping genes

Variation within populations 98.75 98.22 80.45
FST 0.01 0.02 0.20
Population pairwise FST 0.02 0.01 0.15

NW Atlantic fuhcsec fuhctm Housekeeping genes

Variation within populations 94.83 100.40 86.34
FST 0.05 0.00 0.14
Population pairwise FST 0.06 0.00 0.15

Pacific fuhcsec fuhctm Housekeeping genes

Variation within populations 100.59 79.42 69.31
FST �0.01 0.21 0.34
Population pairwise FST �0.01 0.18 0.28
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By region, the northwestern Atlantic shows that fuhcsec has higher
within population variation than 8/12 housekeeping genes and
fuhctm has higher within population variation than 7/12 house-
keeping genes (Supplementary Tables 5 and 6). In the eastern Pa-
cific populations, fuhcsec has higher within population variation
than 12/12 housekeeping genes and fuhctm has higher within
population variation than 8/12 housekeeping genes
(Supplementary Tables 7 and 8). fuhcsec and fuhctm both have higher
within population variation than 3/4 housekeeping genes in the
English Channel (Supplementary Tables 9 and 10).

The FST and population pairwise FST values corroborate the lack
of population structure in the fuhc genes comparedwith the neutral
loci: in every region these values are always lower in the fuhc genes
than in the housekeeping genes averaged (Table 5). By region, the
northwestern Atlantic has no significant fixation indices for either
fuhc gene, with the exception of FST in fuhctm (Supplementary
Table 5). There are no significant population pairwise FST values
for fuhcsec, and 1/3 for fuhctm (Supplementary Table 5). In contrast,
7/12 housekeeping genes have significant FST values, 2 genes have
1/3 significant population pairwise FST values, and 5 genes have 2/3
significant population pairwise FST values (Supplementary Table 6).
In eastern Pacific populations, there are no significant fixation
indices for either fuhc gene, with the exception of FST in fuhctm

(Supplementary Table 7). There are no significant population pair-
wise FST values for fuhcsec, and 2/3 for fuhctm (Supplementary
Table 7). In contrast, 10/12 housekeeping genes have significant
FST values, 4 genes have 1/3 significant population pairwise FST
values, 4 genes have 2/3 significant population pairwise FST values,
and 2 genes have 3/3 significant population pairwise FST values
(Supplementary Table 8). In the English Channel, there are no sig-
nificant fixation indices or population pairwise FST values for either
fuhc gene (Supplementary Table 9). In contrast, 3/4 housekeeping
genes have significant values of fixation indices and 3/4 genes have
at least 1/3 significant population pairwise FST values
(Supplementary Table 10).

Model-based clustering analyses of population structure
employed in STRUCTURE provide further unambiguous evidence
that fuhc genes have lower population structure than housekeeping
genes (Fig. 1). The housekeeping genes have considerable popula-
tion structure (Fig. 1a). The K with the highest likelihood was 3,
which corresponds to the three regions used in the AMOVA ana-
lyses: English Channel (Populations 1e4 on STRUCTURE plot),
northwestern Atlantic (Populations 5e7), and eastern Pacific
(Populations 8e10).

In contrast to the housekeeping genes, the fuhc genes have no
discernable population structure (Fig. 1b and c). When K ¼ 1, all
individuals come from a single population. When K ¼ 2, all in-
dividuals are assigned ~0.5 of their ancestry to one population, and
~0.5 to the second population. When there is no population
structure, the proportion assigned to each individual is roughly
equal (e.g. 50% to each population if K ¼ 2 and 33% to each popu-
lation if K ¼ 3) and most individuals will display admixture
(Pritchard, 2010).

3.2. Trans-species polymorphism

In the first analysis of trans-species polymorphism, as revealed
in the McDonald-Kreitman test, neither fuhc gene has a single fixed
difference between Clade A and Clade E. The fuhcsec alignment is
991 bp long and the fuhctm alignment is 881 bp long. This is in
contrast to the mtCOI gene, which contains 39 fixed differences
between Clade A and E. The mtCOI alignment is 577 bp long. Sec-
ond, the average dS value for Clade A fuhcsec is 0.073 and for Clade A
fuhctm is 0.145. The dS value for Clade A and Clade E for four
housekeeping genes averaged is 0.010. The synonymous sub-
stitutions are much higher within Clade A in fuhc genes than be-
tween Clade A and Clade E in neutrally evolving genes.

Third, the patterns of lineage sorting are distinct in fuhcsec,
fuhctm, 18S rRNA, and mtCOI genealogies. Clade A and Clade E in-
dividuals are not well-sorted when fuhcsec or fuhctm alleles are used
to build the genealogies (Figs. 2 and 3), but are when 18S rRNA is
used (Fig. 4). Clade A and Clade E are not reciprocally monophyletic
when fuhcsec or fuhctm alleles are used to build the phylogeny
(Figs. 2 and 3), but are when mtCOI is used (Fig. 5). Some phylo-
genetic structure can be seen in the fuhctm tree, in the form of a
well-supported clade that contains 2 Clade A alleles and 31 Clade E
alleles (Fig. 2). In contrast, there are no fuhcsec clades composed
primarily of Clade E alleles (Fig. 3).

4. Discussion

Evidence for selection on fuhcsec in each region and then fuhctm

in each region will be considered here; Table 6 is a summary of the
selection inferences on each region. u provides evidence for strong
balancing or directional selection acting on fuhcsec in the north-
western Atlantic region. The u statistic is not designed to differ-
entiate between balancing and directional selection when u > 1,
however. AMOVA, fixation indices, and pairwise population FST
values show that variation within populations at fuhcsec is elevated
with respect to neutrally evolving housekeeping genes. Model-
based clustering analyses also display a complete lack of popula-
tion structure at fuhc genes, in contrast to housekeeping genes in
which the northwestern Atlantic individuals derive primarily from
northwestern Atlantic lineages (Fig. 1). These analyses provide ev-
idence for balancing selection (Schierup et al., 2000). On the other
hand, neutrality statistics provide evidence for directional selec-
tion. Fu and Li's D*/F* and Tajima's D statistics have similar negative
values whether all sites, nonsynonymous sites, or synonymous sites
are evaluated. After a selective sweep caused by directional selec-
tion, mutations will occur in both synonymous and non-
synonymous sites. In this case, the values of neutrality statistics will
be negative (indicating low frequency mutations) for both synon-
ymous and nonsynonymous sites, and will not vary substantially
between the two types of sites. Purifying selection can also result in
negative values of neutrality statistics for both synonymous and
nonsynonymous sites. Purifying selection on synonymous sites acts
through codon bias, andwe could find no evidence for codon bias in
either fuhc gene (Nydam et al., 2013b).

Indication of strong balancing or directional selection acting on
fuhcsec in eastern Pacific populations comes from u. However, only
Exon 5 in the Seattle population has an elevated u value.



Fig. 1. STRUCTURE plots of Q, the proportion of each individual's ancestry attributed to population K. The colors in the plots represent the K populations. In plots where K ¼ 3, there
are three colors (white, black and grey). In plots where K ¼ 2, there are two colors (white and black). In plots where K ¼ 1, there is one color (black). Each individual in each plot is
represented by a single vertical bar. Individuals with ancestry frommore than one population have bars composed of more than one color. 1 ¼ Brest, France, 2 ¼ Concarneau, France,
3 ¼ Hamble, England, 4 ¼ Poole, England, 5 ¼ Falmouth, MA, USA, 6 ¼ Quissett, MA, USA, 7 ¼ Sandwich, MA, USA, 8 ¼ Monterey, CA, USA, 9 ¼ Santa Barbara, CA, USA, 10 ¼ Seattle,
WA, USA. a) 12 nuclear housekeeping genes plus mtCOI, K ¼ 3 b) fuhc genes, K ¼ 1, c) fuhc genes, K ¼ 2.
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Distribution of polymorphism within and among populations
supports balancing selection, as does the lack of population struc-
ture at fuhcsec compared to the strong population structure in the
Monterey and Santa Barbara populations (Fig. 1). Neutrality sta-
tistics provide evidence for purifying selection acting on fuhcsec in
the eastern Pacific. Fu and Li's D*/F* statistics have more negative
values when nonsynonymous sites are used than when synony-
mous sites are used. This indicates more low frequency variants at
nonsynonymous sites: purifying selection primarily acts on non-
synonymous sites. Larger negative values at synonymous sites for
Tajima's D suggests purifying selection on synonymous sites, but no
codon bias was detected in eastern Pacific populations at fuhcsec

(Nydam et al., 2013b).
The u statistic identifies codons under balancing or directional
selection in the English Channel populations for fuhcsec. Selection
strength is moderate, based on the number of codons with >95%
probability of u > 1. Also, only Exon 5 in the Hamble population has
a u value that is statistically higher than the other portions of the
transcript. AMOVA, fixation indices, pairwise population FST values
and clustering analyses display a complete lack of population
structure at fuhc, as expected if balancing selection is operating.
English populations have values very close to zero, and no depar-
ture from neutrality can be inferred. In contrast, French populations
have values > 0, which indicates an excessive intermediate fre-
quency mutations caused by balancing selection.

When comparing the evolutionary history of the three regions
at fuhcsec, the u statistic reveals stronger balancing or directional
selection across the gene for eastern Pacific and northwestern
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Fig. 2. Maximum Likelihood phylogeny of European fuhctm alleles. Alleles are labeled with the species identity determined by mitochondrial cytochrome oxidase I (mtCOI) and/or
18S rRNA. The location of each allele in the phylogeny is determined by fuhctm, but the label of each allele is determined by mtCOI and/or 18S rRNA. Only nodes with >50% bootstrap
support are labeled with bootstrap values. Branch lengths are proportional to the number of substitutions per site. Population abbreviations are as follows: BR (Brest, France), BU
(Burela, Spain), CU (Concarneau, France), ES (Escala, Spain), FE (Ferrol, Spain), FM (Falmouth, England), GR (Granville, France), GSM (Gosport, England), HPM (Hamble, England), PBM
(Parkstone Bay, England), PG (Perros-Guirec, France), PO (Poole, England), RF (Roscoff, France), SA (Santander, Spain), SD (Sada, Spain), TQ (Torquay, England).



Fig. 3. Maximum Likelihood phylogeny of European fuhcsec alleles. Alleles are labeled with the species identity determined by mitochondrial cytochrome oxidase I (mtCOI) and/or
18S rRNA. The location of each allele in the phylogeny is determined by fuhcsec, but the label of each allele is determined by mtCOI and/or 18S rRNA. Only nodes with >50% bootstrap
support are labeled with bootstrap values. Branch lengths are proportional to the number of substitutions per site. Population abbreviations are as follows: BR (Brest, France), BU
(Burela, Spain), CU (Concarneau, France), ES (Escala, Spain), FE (Ferrol, Spain), FM (Falmouth, England), HPM (Hamble, England), PBM (Parkstone Bay, England), PO (Poole, England),
SD (Sada, Spain).
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Fig. 4. Maximum Likelihood phylogeny of 18S rRNA alleles. Only nodes with >50% bootstrap support are labeled with bootstrap values. Branch lengths are proportional to the
number of substitutions per site. Population abbreviations are as follows: BR (Brest, France), CSM (Camaret-sur-mer, France), CU (Concarneau, France), FM (Falmouth, England), GR
(Granville, France), GSM (Gosport, England), HPM (Hamble, England), PG (Perros-Guirec, France), PO (Poole, England), QAB (Plymouth, England), TQ (Torquay, England).
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Atlantic populations than English Channel populations, and stron-
ger selection acting on Exons 5 and 6 in the northwestern Atlantic
region. There are fewer codons with >95% posterior probability of
selection (u > 1) in the English Channel populations than in the
northwestern Atlantic populations. Additionally, Exon 5 has sta-
tistically higher u values than the rest of fuhcsec in 100% of the
northwestern Atlantic populations, but in only 25% of the English
Channel populations and 33% of the eastern Pacific populations.
The average W value is also much higher in the northwestern
Atlantic region than in either the eastern Pacific or English Channel
regions. 66% of the northwestern Atlantic populations have Exon 6
u values that are higher than the rest of the gene, but Exon 6 u
values do not stand out in either the eastern Pacific or English
Channel populations.

Fu and Li's D*/F* and Tajima's D also uncover stronger selection
in the eastern Pacific and northwestern Atlantic populations than
the English Channel populations. According to these neutrality
statistics, fuhcsec appears to be evolving neutrally in English pop-
ulations, via balancing selection in French populations (positive
values of neutrality test statistics), via directional selection in
northwestern Atlantic populations, and via purifying selection in
eastern Pacific populations. Results of distribution of variation
within and among populations, fixation indices and clustering
analyses are very similar between regions: all regions show almost
all variationwithin populations, which is consistent with balancing
selection.

fuhctm in the northwestern Atlantic populations is undergoing
weaker balancing or directional selection than at fuhcsec, based on
the u statistic. u identifies fewer codons with >95% posterior
probability of selection at fuhctm than fuhcsec, and no exons have
elevatedu values. AMOVA, fixation indices, pairwise population FST
values and clustering analyses show that variation within pop-
ulations at fuhctm is elevated with respect to neutrally evolving
housekeeping genes (balancing selection). On the other hand,
neutrality statistics provide evidence for purifying selection. Fu and
Li's D/F and Tajima's D statistics have much more negative values
when nonsynonymous sites are used than when synonymous sites
are used.

Selection in fuhctm in the eastern Pacific populations is also
weaker than at fuhcsec. omegaMap 0.5 found half as many codons
with >95% posterior probability of selection in fuhctm as fuhcsec,
despite the similar lengths of the two transcripts. The Seattle, WA
population had higheru values than the rest of the gene for a single
exon or exonic region in each gene: Exon 5 in fuhcsec and Exons 4e5
together in fuhctm. There is more variation within populations in
fuhctm than in housekeeping genes. This difference is much less
pronounced for fuhctm than for fuhcsec, implying that balancing
selection is weaker at fuhctm than at fuhcsec. All three neutrality
statistics point towards fuhctm undergoing purifying selection.

fuhctm in the English Channel populations does not have very
many codons showing evidence of balancing or directional selec-
tion (u > 1), and only a single population for a single exon has
elevated u values (Exon 10 for Hamble). Like fuhcsec, AMOVA, tests
of differentiation based on allele frequencies and model-based
Fig. 5. Maximum Likelihood phylogeny of mtCOI alleles. Only nodes with >50%
bootstrap support are labeled with bootstrap values. Branch lengths are proportional
to the number of substitutions per site. Population abbreviations are as follows: AR
(Ares, Spain), BR (Brest, France), BU (Burela, Spain), CSM (Camaret-sur-mer, France), CU
(Concarneau, France), FLM (Falmouth, MA, USA), FM (Falmouth, England), GI (Gijon,
Spain), GR (Granville, France), GSM (Gosport, England), HPM (Hamble, England), LA
(Llastres, Spain), MR (Monterey, CA, USA), MU (Mutriku, Spain), PBM (Parkstone Bay,
England), PG (Perros-Guirec, France), PO (Poole, England), QAB (Plymouth, England),
QST (Quissett, MA, USA), RF (Roscoff, France), SA (Santander, Spain), SE (Seattle, WA,
USA), TQ (Torquay, England).



Table 6
A summary of inferences of selection in each region from all analyses. B ¼ Balancing, D ¼ Directional, P ¼ Purifying. Evidence of strong selection is indicated by bold font.

fuhcsec

Region u Distribution of polymorphism Fu and Li's D*F* Tajima's D

England B/D B No selection No selection
France B/D B B B
NW Atlantic B/D B D D
Pacific B/D B D P

fuhctm

Region u Distribution of polymorphism Fu and Li's D*F* Tajima's D

England B/D B B P
France B/D B P P
NW Atlantic B/D B P P
Pacific B/D B P P
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clustering analyses provide strong evidence for balancing selection.
In contrast to fuhcsec, English populations show evidence of
balancing (Fu and Li's D/F) or purifying (Tajima's D) selection while
French populations are undergoing purifying selection.

Comparing all three geographic regions, selection on fuhctm may
be stronger in the northwestern Atlantic populations than in the
other regions, but selection in all three regions appears to be less
pronounced in fuhctm than in fuhcsec. The northwestern Atlantic
populations have more codons with a high posterior probability of
selection, but all three regions have many fewer codons under se-
lection in fuhctm than in fuhcsec, despite the similar lengths of the
two proteins. All three regions have similar W values for Exons 3
and 10, and Exons 1e5, although the English Channel has higher
values for Exons 1e3 and Exons 4e5 than the other two regions. A
single population in the northwestern Atlantic has higher u values
in Exon 3 than in the rest of the transcript, a single population in the
English Channel has higher u values in Exon 10 than in the rest of
the transcript, and a single population in the eastern Pacific region
has higher u values in Exon 4e5 than in the rest of the transcript.

The eastern Pacific region has more population structure at
fuhctm than the other regions, but all three regions show evidence
of balancing selection with AMOVA/fixation indices. Using Fu and
Li's D and F and Tajima's D, the evolutionary history of fuhctm is
similar across all three regions: fuhctm is evolving under balancing
or purifying selection in English populations, and under purifying
selection in French, northwestern Atlantic and eastern Pacific
populations. Across geographic regions, selection is weaker at
fuhctm than at fuhcsec.

Expanding the focus beyond Clade A, fuhcsec and fuhctm have
polymorphisms that clearly transcend species boundaries. There
are no fixed differences between Clade A and Clade E at either gene,
when the uncorrected p distance at mtCOI is 13.8%. The same result
was seen between humans and chimpanzees at four MHC genes:
MHC A, MHC B, MHC C, and DRB1 (Garrigan and Hedrick, 2003), and
in the promoter of a MHC Class II gene in primates (Loisel et al.,
2006). Absence of fixed differences between species is evidence
for balancing selectionmaintaining variation at these loci (Garrigan
and Hedrick, 2003). Balancing selection can also be inferred from
the difference in amount of lineage sorting when comparing the
genealogies of the fuhc genes to 18S rRNA and mtCOI. While 18S
rRNA and mtCOI Clade A and Clade E alleles are well-sorted, there
are no fuhcsec clades of more than five alleles that contain only
Clade A or Clade E alleles. This type of genealogy, where allor-
ecognition alleles from one species are more closely related to
allorecognition alleles from another species than to other conspe-
cific allorecognition alleles, has been seen in SI loci in plants
(Ioerger et al., 1990) and MHC Class II genes in artiodactyls
(Gutierrez-Espeleta et al., 2001) and primates (Loisel et al., 2006).
The synonymous substitutions within Clade A for fuhc genes sub-
stantially exceed the synonymous substitutions between Clade A
and Clade E at four neutrally evolving genes, which is also consis-
tent with fuhc alleles that are older than the speciation event be-
tween Clade A and E. Assuming the number of synonymous
substitutions per site per year is equal in fuhc and the housekeeping
genes, then the fuhc alleles within Clade A must have diverged in
the ancestor of Clade A and Clade E. This same pattern is seen in SI
loci in plants (Ioerger et al., 1990).

Either interspecific gene flow or balancing selection retaining
ancestral polymorphisms could explain many of these observations
relating to trans-specific polymorphisms. While allele exchange in
an ancient introgression event cannot be ruled out, there are two
arguments against recent gene flow. First, no recent introgression
was detected in the English Channel between Clade A and Clade E
using microsatellite loci (Bock et al., 2012). Second, mtCOI diver-
gence between Clade A and Clade E matches the highest value
associated with a marine broadcast spawning species pair that can
still introgress (Nydam and Harrison, 2011). Clade A and Clade E, as
spermcast spawning species, have more potential for reproductive
barriers than externally fertilizing broadcast spawning species.
Therefore, introgression between Clade A and Clade E is extremely
unlikely.

The inference of balancing selection acting on the fuhc genes is
supported by trans-species polymorphism analyses, AMOVA, fixa-
tion indices, and the u statistic. FST statistics can be depressed in
highly polymorphic loci, even if there is significant differentiation
between populations (Jost, 2008). However, the AMOVA framework
does not rely on allele frequencies and is therefore not subject to
the same potential artifacts as FST. The codons identified as under
selection by the u statistic could be evolving under balancing or
directional selection. Given the consistent signal of balancing se-
lection in the AMOVA/FST and trans-species polymorphism ana-
lyses, balancing selection seemsmost likely. But the neutrality tests
did not detect evidence of balancing selection in either fuhcsec or
fuhctm, except for French populations at fuhcsec. At fuhcsec, each set
of populations (English, French, eastern Pacific, northwestern
Atlantic) seems to be evolving under a different type of selection,
according to Fu and Li's D*/F* and Tajima's D. fuhctm populations
appear to be under purifying selection, not balancing selection,
across all regions.

We favor two possible explanations for the discrepancy be-
tween statistical tests, both involving negative frequency depen-
dent selection as the mechanism of balancing selection. Negative
frequency dependent selection occurs when rare alleles are favored
(Grosberg, 1988). This type of selection is the most likely driver of
balancing selection in B. schlosseri (Nydam et al., 2013b), because
fusion is costly (Chadwick-Furman and Weissman, 1995; 2003;
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Rinkevich and Weissman, 1992), and therefore individuals with
rare alleles should fuse less often (De Tomaso, 2006). We tested this
prediction in a single population (Santa Barbara, CA, USA), but the
fuhc genes are so polymorphic that every allele we sequenced was
rare (Nydam et al., unpublished data).

The first explanation is that recent negative frequency depen-
dent selection could produce dramatic allele frequency changes,
resulting in the loss of ancient alleles (Fijarczyk and Babik, 2015).
This has been demonstrated in simulations of MHC loci (Ejsmond
and Radwan, 2011). There could be short-term dynamics that are
unique to each population that obscure the long-term signature of
balancing selection at the species level in Clade A. Second, Fu and
Li's D*/D/F*/F and Tajima's D statistics that identify an excess of
intermediate frequency mutations are interpreted as evidence of
balancing selection. But negative frequency dependent selection
can cause mutational patterns that are close to patterns expected
from neutral evolution (Ejsmond et al., 2010), which can be seen in
fuhcsec in English populations.

In summary, the allorecognition genes in B. schlosseri Clade A are
experiencing balancing selection, which maintains the extensive
polymorphism documented in these genes. Evidence for balancing
selection comes from distribution of polymorphisms within and
among populations, dN/dS statistics, and trans-species poly-
morphisms. Both fuhc genes exhibit higher within-population
variation and lower population differentiation measures (FST)
than neutral loci. The fuhc genes contain a substantial number of
codons with >95% posterior probability of dN/dS > 1. fuhcsec and
fuhctm also contain polymorphisms that are shared between Clade
A and Clade E. These polymorphisms are more likely to be ancestral
polymorphisms than the result of introgressive hybridization be-
tween the two clades.
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