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Segmented worms (Annelida) are among the most successful animal inhabi-
tants of extreme environments worldwide. An unusual group of enchytraeid
oligochaetes of genus Mesenchytraeus are abundant in the Pacific northwes-
tern region of North America and occupy geographically proximal ecozones
ranging from low elevation rainforests and waterways to high altitude gla-
ciers. Along this altitudinal transect, Mesenchytraeus representatives from
disparate habitat types were collected and subjected to deep mitochondrial
and nuclear phylogenetic analyses. Our data identify significant topological
discordance among gene trees, and near equivalent interspecific divergence
levels indicative of a rapid radiation event. Collectively, our results identify a
Mesenchytraeus ‘explosion’ coincident with mountain building in the Pacific
northwestern region that gave rise to closely related aquatic, ice, snow and
terrestrial worms.

1. Introduction

Among Animalia, representatives of the phylum Annelida occupy a continuum
of diverse habitats, ranging from geothermal black smokers on the ocean
floor to glacier ice [1]. At the latter end of this spectrum, oligochaetes of the
genus Mesenchytraeus are exceptionally well represented along coastal regions
of the Pacific Northwest, from northern California to central Alaska [2-7].
This geographically complex region is characterized by vast temperate rainforests
accommodating many of the world’s largest trees, snow-fed waterways, and
rugged mountains harbouring lower elevation transient snowfields and higher
altitude glacier ice [8]. These maritime peaks are altitudinally stratified into
zones, each characterized by distinct thermal maxima and minima, vegetation,
and faunal communities [9]. Within this geographical ecozone, species of the
Holarctic genus Mesenchytraeus have evolved to occupy remarkably diverse
environmental niches.

Comprising more than 700 species and 33 genera, Enchytraeidae are
predominantly small, inconspicuous soil-dwelling worms with a worldwide
distribution [10,11]. Yet Mesenchytraeus, one of its most speciose genera, is dis-
tinguished by extraordinary intra-generic variation, not only in habitat (aquatic,
terrestrial, snow, glaciers), but also in size (4 to >60 mm long), and colouration
(transparent, white, yellow, red, tawny, brown, grey, black, uniform, varie-
gated) [2—4,6,12]. Mesenchytraeus solifugus [13], the glacier-obligate ice worm,
was the first enchytraeid described from the Pacific Northwest, and over the
next two decades numerous Mesenchytraeus species/subspecies, occupying
the full spectrum of ecozones, were formally described [2—4]. Mesenchytraeus
dominance, in terms of species richness and ecological specialization, within
the Beringian coastal region suggests an unusual adaptive capacity for this
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lineage [6,14]. Although other Enchytraeidae genera were
likewise discovered in the Pacific Northwest, none are as
diverse or extreme in habitat choice.

That M. solifugus was the focus of virtually all recent
investigations can be ascribed to their rare and compelling
status as glacier-obligate macrofauna. For most animals,
extended exposure to temperatures approximately 0°C results
in cellular dysfunction and metabolic failure [15-17]. Thus,
the ability of ice worms to overcome this physiological barrier
garnered intense interest. Unfortunately, its congeners have
been virtually ignored and little is known about lifestyles
and genealogical relationships among these worms. Modern
biology recognizes that comparative trait analyses, informed
by a credible phylogenetic framework, provide the best meth-
odology for identification of ecologically adaptive traits
[18-21]. To that end, our focus in the current study was to
establish the evolutionary relationships between the glacier
ice worm, M. solifugus, and Pacific Northwest congeners
from diverse habitats, with the longer-term goal of under-
standing the genetic basis for transitioning between thermal
regimes (e.g. terrestrial < ice habitats).

We employed Illumina high-throughput sequencing to
generate full, normal-expression transcriptomes and the poly-
merase chain reaction (PCR) to amplify overlapping
segments of the mitochondrial genome from genomic DNA.
Phylogenetic analyses employed more than 24000 base
pairs (bp) of sequences from 30 genes/species using both
maximum likelihood and Bayesian frameworks. Herein, we
present the first examination of genetic relationships among
select Mesenchytraeus worms of the Pacific Northwest and
the first molecular sequence data for two ingroup members
(M. antaeus, M. hydrius).

2. Material and methods

(a) Specimens

Mesenchytraeus specimens were collected from four distinct habi-
tat types along the Pacific northwestern coast of North America
between 2011 and 2014. These comprised (i) cold, outflow
rivers from coastal mountains (M. cf pedatus [2]; aquatic),
(i) low elevation temperate rainforests (M. antaeus [6]; terres-
trial), (iii) transient snowfields shaded by coniferous stands
(M. cf gelidus [3], M. hydrius [4]; snow), and (iv) coastal, maritime
glaciers (M. solifugus; ice) (figure 1, table 1). Additionally, two
confamilials, Enchytraeus albidus [23] and E. cf crypticus [22],
both well-studied European species, were included as outgroups.
Specimens were express-shipped live to Rutgers University, and
maintained according to their endogenous habitat/temperature
(e.g. soil, refrigerated, etc.) as described [24]. Enchytraeus crypti-
cus were from laboratory-maintained stock, and E. albidus was
an ethanol-preserved sample used for DNA analysis. Species
were identified by comparison to molecular data, when avail-
able, and/or morphological examination. Further details on
species identification can be found in electronic supplementary
material, materials and methods. Ethanol-preserved samples of
all species are stored at Rutgers University and are available
for examination.

(b) DNA processing and analysis

Genomic DNA was extracted from a single worm/species using
an E.Z.N.A. Tissue DNA Isolation Kit (Omega Bio-tek, Inc.) fol-
lowing the tissue protocol. Single worms were used in an effort
to reduce sequencing uncertainty, a concern only for M. pedatus

with 0-15% variability at the cytochrome oxidase 1 (cox1) locus n

(n=20; data not shown). Cryptic speciation is likely within
this population but since all haplotypes proved equidistant to
the considered congeners, their utility as an aquatic Mesenchy-
traeus was not compromised. For E. albidus and M. hydrius,
only a single worm was available for DNA extraction, and
population analyses of the remaining species showed very low
intra-population genetic diversity (unpublished data). With the
exception of E. albidus, extractions were from freshly sacrificed
worms. Nuclear 28S ribosomal RNA was PCR-amplified
using annelid-specific primers designed for this study: 28sC1-F
(5'-ACCCGYTGAAYTTAAGCATAT-3)/28sC4-R ~ (5'-TTCGA
TTRGTCTTTCGCCCCT-3') amplified a 5-end fragment of
approximately 1180 bp. For some species, additional internal
primers were necessary: 28sC2-F (5'-CAAGTACCGTGAGGGA
AAGTTG-3')/28sC3-R  (5-CCGTGTTTCAAGACGGGTCG-3').
For mitochondrial genes, primer pairs were designed to amplify
six overlapping mitochondrial genome (mt-genome) fragments,
2-4 Kb in length, based on gene size and order as found in
Lumbricus terrestris Linnaeus, 1758 [25]. Additional species-
specific primers were designed as needed based on sequenced
PCR products to fill genome gaps (see electronic supplementary
material, table S1 for mitochondrial primers). Purified PCR
products were cloned into pMiniT vectors (New England
Biolabs (NEB)), transformed into NEB 10-beta chemically com-
petent E. coli, and 3-5 clones/fragment/species were selected
for purification using Zyppy Plasmid Miniprep (Zymo
Research). Sanger DNA sequencing was performed by GENE-
WIZ, Inc. (South Plainfield, NJ, USA). Transcriptomes were
generated and processed as detailed in electronic supplementary
material, materials and methods.

() Phylogenetic analyses
Individual gene sequences were aligned using Muscle [26] under
default parameters, as implemented in MEGA v. 6 [27], with
protein coding genes (PCGs) aligned by codons. Statistical ana-
lyses to assess phylogenetic informativeness and divergence
were also performed in MEGA (electronic supplementary
material, table S2). Gene trees were inferred using Maximum-
likelihood (ML) and Bayesian inference (BI) for each gene. Prior
to ML analysis, jMopeLTEsT 2.1.7 [28,29] was used to select the
best-fitting evolutionary model for each locus according to the
Akaike information criterion (AIC; [30]). ML analyses were con-
ducted with PuYML v. 3.1 [31] using the recommended best-fit
substitution model. The subtree pruning and regrafting (SPR)
option was used to more thoroughly explore the space of tree
topologies and five random starting trees were generated to
avoid local maxima. Branch support was estimated using the
non-parametric Shimodaira—Hasegawa-like approximate like-
lihood ratio test [31], as this method provides superior
performance, relative to bootstrapping, for datasets with short
branches [31] and topological conflict [32]. Analyses were run
with, and without, outgroup designation to test their suitability.
Bayesian analyses were performed in MrBaves v. 3.2 [33]
using Bayes-block nexus files created in MesQuite v. 3.04 [34],
with default parameters modified as described below. Each
PCG dataset was analysed partitioned (by codon position) and
unpartitioned; non-coding genes were unpartitioned. Model
settings for each gene were: nst = mixed, rates = gamma. The
‘mixed” model allows the analysis to integrate across the full
general time-reversible (GTR, [35]) model space and avoids spe-
cifying a particular, possibly inappropriate, evolutionary model
of nucleotide substitution [36]. The ‘gamma’ parameter models
per site mutation rate heterogeneity with the assumption that it
is drawn from a random statistical distribution [37]. For parti-
tioned analyses, partition parameters were unlinked and the
‘ratepr’ parameter of the ‘prset’ command was set to variable
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Figure 1. Mesenchytraeus collection sites and habitats. Site 1: Chugach Mountains, Alaska; Mesenchytraeus solifugus, glacier-obligate. Site 2: Vancouver Island, BC;
M. antaeus, temperate forests. Sites 3, 4: Cascade Mountains, WA; M. gelidus (3) and M. hydrius (4), transient snow beneath conifers. Site 5: Sacramento River, CA;

M. pedatus, aquatic. (Online version in colour.)

to allow rates across partitions to differ. All analyses were run for
>1 000 000 generations (x2) with a relative burn-in fraction of 25%,
sample frequency = 1000, and diagnostic frequency = 1000. All
other parameters were default values. The ‘sum parameters’
(sump) command was used to assess run convergence by examin-
ing the generation versus log likelihood plot, average deviation of
split frequencies (less than 0.01), the Potential Scale Reduction
Factor (PSRF, approx. 1), and the Effective Sample Size (ESS,
more than 200). Consensus trees were visualized and annotated
using FIGTREE v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree),
and DeNsITREE2 v. 2.2.4 [38] was used to analyse and portray the
degree of uncertainty present.

Phylogenetic reconstruction was further explored using var-
ious combinations of genes concatenated into supermatrices
using MEsQuite v. 3.04 [34]. Five combined-gene datasets were
examined: (i) HK6 = nuclear housekeeping genes (actin, a-tubu-
lin, EF-la, histone H3, GAPDH, 285 rRNA), (ii) nuASU =
nuclear-encoded ATP synthase subunits (alpha, beta, gamma,
delta, b, ¢, d, OSCP), (iii) MtPCGs = mitochondrial protein-
coding genes (cox 1-3, cytb, nad 1-6, nad 4L, atp6, atp8),
(iv) Mtl3 + RNAs =13 MtPCGs + 125-(tRNA-Val)-16S, and
(v) Mt4 = mitochondrial subset (coxI, cytb, 12S, 16S) (electronic
supplementary material, table S3). These were subjected to ML
and BI analyses as described above with the following changes.
For ML analyses, the designated model was GTR +1+ G as
this was the most commonly recommended for the individual
genes, and PHYML does not currently support partitioning.
Prior to Bayesian analysis, PArRTITIONFINDER v. 1.1.0 [39] was
used to find the best-fit partitioning scheme for each dataset
under the following criteria: branch lengths = linked, models =
MRBAYEs, model selection = BIC, search = greedy. This scheme
was then incorporated into the Bayes blocks and analyses pro-
ceeded as described above (electronic supplementary material,
table S4).

Next, species trees were inferred using the BEST multi-
species coalescent (MSC) algorithms [40] as implemented in
MRBAYEs v. 3.2. [33]. The MSC models the inherent stochasticity

in genetic drift to infer a probabilistic species tree by reconcilia-
tion of topological discordance among gene trees [41]. Gene
tree discordance is particularly problematic in phylogenetic
analyses of closely related species due to incomplete lineage sort-
ing (ILS) [42], thus likely a more realistic fit given our taxa. We
used two datasets, one comprising 18 genes (Coal set 1) and
the second with 15 genes (Coal set 2), with overlap between
them (electronic supplementary material, table S3). For set 1,
18 gene trees were estimated (1/gene), whereas for set 2, the
five mitochondrial genes were grouped as a single locus, thus
11 gene trees were estimated. Prior settings were: brlenspr =
clock:speciestree, topologypr = speciestree, popvarpr = variable,
and popsizepr = gamma (1100). Model and rate were as above
(mixed/gamma) with topologies unlinked; mitochondrial gene
ploidy was set to haploid. Four independent analyses of
30 million generations/set, with burn-in fraction = 0.33, were
run via the CIPRES-PortaL v. 3.3 [43] and convergence was
assessed as previously described. Coalescence analyses excluded
E. albidus. See electronic supplementary material, materials
and methods for additional analyses employing divergence
time algorithms.

3. Results

Illumina sequencing produced more than 49 million paired-
end reads per transcriptome, resulting in more than 102 000
contigs with an average size of 934 bp. The average G + C
content (approx. 41%) was uniform across species, including
the outgroup. All gene queries were recovered, and raw-read
mapping indicated that depth of coverage was more than suf-
ficient. This description does not apply to the E. albidus
transcriptome which was not generated for this investigation.
Of 30 genes extracted for analysis (representing more than
24000 alignment positions), 29 were full length, with 28S
rRNA the only exception (electronic supplementary material,

L80LZLOT #8T § 20 “Y 20id  biobuiysiigndfranosiesorqdsi H


http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree

Table 1. Description and collection sites of Enchytraeidae species.

overt phenotype

species (colour, length x diameter)

dark brown to black
10-20 mm x 0.5-0.7 mm

Mesenchytraeus solifugus [13]

Mesenchytraeus pedatus (2] white
10-20 mm x 0.3-0.5 mm

Mesenchytraeus gelidus [3] dark red-brown to black

20-38 mm x 1-2 mm

Mesenchytraeus hydrius [4] ~ white
15-35mm x 0.5-0.9 mm

Mesenchytraeus antaeus [6] white to yellowish

30—-60 mm x 1.8—2.5 mm

Enchytrdeuﬁ c;j/pricuﬁ [22] - ‘whité
3-12mm x 0.2-0.4 mm

table S2). Note that exhaustive GenBank and literature searches
for relevant Enchytraeid species/sequences (e.g. [11]) yielded
overlapping fragments totalling only approximately 1400 pos-
itions, and thus too shallow to generate any meaningful
comparisons based on consistently unresolved tree topologies
(not shown). Sequence alignment was unambiguous for
PCGs, but 125 and 16S rRNA required trimming. PCR-
amplified mitochondrial genes matched those extracted from
the respective species transcriptome. Neither ATP synthase
subunit (ASU) gamma, nor epsilon, were recovered from the
E. albidus transcriptome and were treated as missing data
in analyses. GenBank accession numbers for sequences are in
electronic supplementary material, table S5.

Among Mesenchytraeus species, the average nucleotide per
cent identity within concatenated datasets was (i) housekeep-
ing genes: 87.17 (£1.93 s.d.), (ii) ATP synthase subunits: 85.14
(£2.05 s.d.), (iii) mitochondrial PCGs: 76.87 (+1.52 s.d.), and
(iv) mitochondrial subset coxI-cytb-rRNAs: 83.8 (+1.1s.d.).
Pairwise divergence values were highly similar within each
dataset, displaying no obvious interspecific relationship
trends. Per cent identity at the protein level was appro-
ximately 10% greater (electronic supplementary material,
table S6).

Expectedly, the housekeeping (HK) genes were the least
parsimony informative (PI), with a range of 2.2 (285) to
11.5% (histone H3) (electronic supplementary material,
table S2). Interestingly, histone H3 is the only gene in the data-
set that is 100% conserved at the protein level. Furthermore,
the low phylogenetic signal for 28S within the genus jumps
to more than 21% when comparing inter-generic data,
indicating its utility for delimiting higher level taxa. Likewise,
the ATP synthase subunits (ASU) had a PI range of
6.5-11.9% among Mesenchytraeus, but a few were three- to
fourfold higher when Enchytraeus was included, and may

collection location
and date

habitat description
(at time of collection)

60.762003° N,
148.846545° W
July 2012
405937202° N,
122.39919° W
June 2011
47.288126° N,

121.263348° W

0°C (constant), snow overlying
glacier ice; alt: 122 m
‘ 8—‘1‘4°‘C,‘ cold ‘mdu‘nfaih ‘
streams/rivers; alt: 148 m

0-2°C, transient snow shaded by
coniferous trees, alt: 1353 m

June 2014

‘ >4>6.746>6>79° N >0—2>°>C, tfansient ‘snbw sbhbaded» by »
121.790266° W coniferous trees, alt: 1332 m
June 2014

48.874057° N, 10-15°C, temperate rainforest,

124.701034° W alt: 149 m
May 2014

‘ comrhércially ‘purchased 22°C, rhoist; écidit, peat—enr‘iched‘ »
lab stock soil; alt: 5m

prove useful in resolving annelid phylogeny questions.
The mitochondrial PCGs had an average PI of approxima-
tely 16%, with nad6 highest at 21.1%, and cox1 and nad3
lowest at 13%. Ribosomal RNA genes, 125 and 16S, were
the most highly conserved and least phylogenetically infor-
mative in the mitochondrial genome with PIs of 7.6 and
6.8%, respectively.

(a) Phylogenetic relationships

Individual gene tree results were comparable with regard to
partitioning scheme (partitioned versus un-partitioned) and
framework (Bayesian versus likelihood), but topological
discord was significant (electronic supplementary material,
table S7). Of the 30 gene trees generated, 23 distinct topolo-
gies were present: HK genes (6/6), ASU genes [8/9; (alpha,
delta)], mitochondrial genes [11/15; (cytb, atp8) (nad2, 16S)
(nad3, nade6, 12S)]. The Enchytraeus worms consistently
appeared outside the Mesenchytraeus clade, even when out-
group status was not specified, supporting their utility in
these analyses. Mesenchytraeus monophyly was violated
only for ASU gamma and the ML analysis of the 15 mitochon-
drial genes (Mtl3 + RNAs), placing M. pedatus as an
outgroup. The Bayesian analysis of the latter dataset placed
M. pedatus as sister taxon to its four congeners with 100%
support (figure 2). Indeed, this sister taxon positioning was
the second most frequently observed grouping, occurring in
five gene trees and the HK dataset. By far, the most
common sister taxa pair was the ice worm, M. solifugus,
and the white snow worm, M. hydrius, present in 16 individ-
ual gene trees, the ASU tree, and the coalescent tree (figure 3).
The two largest species, M. antaeus and M. gelidus, appeared
in four gene trees and the ASU tree as sister taxa, making
them the third most common pair. The concatenated datasets,
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1
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1
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10.56
M. antaeus
—— M. hydrius
—1
M. solifugus
M. pedatus
—0.92

]—E. crypticus

1
l*E. albidus

0.2

Figure 2. Bayesian and maximum-likelihood consensus trees for concatenated datasets. Upper: housekeeping genes, actin, EF-Tc, histone H3, a-tubulin, GAPDH,
and 28s rRNA (5916 bp). Middle: nuclear ATP synthase subunit genes, alpha, beta, gamma, delta, b, ¢, d, OSCP (6894 bp). Lower: mitochondrial protein-coding
genes, coxT—3, cytb, nad1—6 + 4 L, atp6, atp8, and RNA contig, 725-tRNA-val-16S (13 381 bp). Branch support for Bayesian trees (left) are posterior probabilities
and for ML trees (right) Shimodaira—Hasagawa approximate likelihood ratio test. In-group taxa (Mesenchytraeus) names are colour-coded by habitat: aquatic =
aqua, blue = glacier, green = snow, and brown = terrestrial; outgroup enchytraeids are in black. (Online version in colour.)

HK6, nuASU, and Mt13 + RNA, did little to resolve inter-
specific relationships, each producing topologically different
consensus trees (the mitochondrial subsets, MtPCGs and
Mt4, reiterated the Mt13 + RNA tree). Unlike the individual
gene trees, partitioning significantly affected topological
outcomes. While no difference was seen for the HK dataset,
un-partitioned analyses of the ASU and Mtl3 + RNA

resulted in lower probability values and polytomies (data
not shown).

The multi-species coalescent (MSC) analyses resulted in
similar consensus trees for datasets 1 and 2, both with poly-
tomies and low posterior probabilities (Set 2, figure 3a).
Figure 3b displays a DensiTree [38] visualization of the uncer-
tainty present in the consensus tree. By overlaying the set of
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(a) consensus tree

Mesenchytraeus pedatus

0.78

(aquatic)

(snow-feeding)

0.96

0.6

Mesenchytraeus solifugus
(glacier-obligate)

Mesenchytraeus hydrius
(snow-feeding)

Mesenchytraeus antaeus
(terrestrial)

0.007

(b) set of all trees

Enchytraeus crypticus

outgroup

M. pedatus

M. gelidus

M. antaeus

M. solifugus

M. hydrius

E. crypticus

Figure 3. Species delimitation analysis for genus Mesenchytraeus using a multi-species coalescent paradigm in MrBaves. Shown are results for Coal_set 2 (Suppl.
Table 3) comprising 15 genes: five mitochondrial (cytb, nad2/4/5, 125), five ATP synthase subunits (alpha, gamma, b, ¢, delta), and five housekeeping (actin, EF-1c,
a-tubulin, histone H3, 28S). For this analysis, the mitochondrial genes were considered as a single locus. (a) Depicts the consensus tree with posterior probabilities.
(b) Shows a DensiTree2 [38] visualization of the ambiguity present in the consensus tree. This programme uses the full set of trees generated in a Bayesian analysis
and overlays them using transparent coloured lies. Branches with greater support among the trees appear darker and heavier while areas of greater topological
conflict are more diffuse. Colours are hierarchical with blue lines having highest support, followed by red, and then green.

consensus trees (i.e. the average of all trees with the same
topology) with the sum total of all trees generated in the
analysis, areas of topological conflict became apparent. Blue
lines represent the highest probability topology, thus explain-
ing the consensus tree pairing of M. pedatus/M. gelidus and
M. solifugus/M. hydrius. However, red lines, used for the
second highest probability trees, and green, third highest,
show that a significant number of trees conflict with those
groupings, hence the low posterior probabilities. The nearly
equal-intensity red and blue lines for M. antaeus indicate
considerable relationship ambiguity.

Attempts to establish divergence times using a fossil-
calibrated root node were unsuccessful for both BEAST and
MRBAYEs analyses. Output file assessments indicated that
convergence was not achieved and ESS values were frequen-
tly below 200, even for combined runs, thus the resulting
consensus trees were deemed unreliable.

4, Discussion

This is the first molecular phylogenetic reconstruction of
an unusually diverse clade (i.e. spanning aquatic, terrestrial,
snow, and ice ecozones) of Pacific Northwest-endemic
Mesenchytraeus worms. Note that the respective ecozones
occur throughout the Pacific Northwest and that, for
example, a transect within the Mt. Rainier region would
yield ecologically representative species comprising the cur-
rent analysis (i.e. aquatic, ice, snow, and terrestrial species;
figure 4). Our approach employed tree estimates of 30 indi-
vidual genes, five concatenated supermatrices, and two
multi-species coalescent datasets. We did not know a priori
divergence rates among the considered species, thus the
genes chosen for analyses span a wide conservation range.
Clearly, our results indicate that the housekeeping genes
are too highly conserved to provide resolution for the
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Figure 4. Proposed radiation of Mesenchytraeus species along an altitudinal gradient. Ecozones with elevations are indicated to the right. Unknown ancestral habitat
depicted by a circle from which extant Mesenchytraeus lineages (arrows) radiated into diverse ecological niches. (Online version in colour.)

examined species. Individually, these six genes (actin, a-tubu-
lin, EF-la, GAPDH, histone H3, 28S) produced six
topologically distinct trees, often with very high branch sup-
port, and the concatenated dataset yielded yet a seventh
topology (figure 2). Gene tree discord is a commonly
observed phenomenon attributed to incomplete lineage sort-
ing (ILS) [42,44,45], mitochondrial DNA introgression [46,47],
horizontal gene transfer [42,48], gene duplication/loss
[49,50], and adaptive selection [51,52]. Incomplete lineage
sorting occurs when DNA sequence coalescence is tem-
porally out of step with speciation, a situation more often
found in species separated by relatively few genetic changes
[42]. Thus, given the short branch lengths observed in
our data, and the extraordinary level of discordance, the
failure of the housekeeping gene dataset to resolve these
interspecific relationships is likely attributable to ILS.

Likewise, the ASU genes produced discordant gene
trees—eight topologies for nine genes—and ILS may underlie
this lack of agreement as well, but other factors merit con-
sideration. Generally, gene products functioning in critical
metabolic pathways are under strong negative (purifying)
selection because almost all mutations that arise are deleter-
ious. This is certainly the case for ASU alpha and beta with
more than 78% amino acid identity across diverse metazoan
phyla. However, nuclear-encoded oxidative phosphorylation
gene products that functionally interact with faster-evolving
mitochondrial-encoded proteins experience additional selec-
tive pressure. This ‘mito-nuclear’ association creates an
‘arms race’ whereby the nuclear genes must adapt to, and
compensate for, mutations in mitochondrial genes to main-
tain optimum energy production [53-55]. Therefore, ASU
gene comparisons from species evolving in ecologically
diverse niches may support relationships incongruent with
true phylogenetic relationships [56].

Mitochondrial genomes have been considered the best
dataset for discernment of species-level relationships because
of their approximately 10-fold greater mutation rate, lack of

recombination, conserved gene content, and the perception
that they evolve under a neutral equilibrium model. While
the first three attributes are true in most cases, it has
become clear that selection plays a non-trivial role in
mt-genome evolution and these effects can confound phylo-
genetic interpretations [51,52,57,58]. Although our BI
analysis of the concatenated mitochondrial genes (Mt13 +
RNAs, figure 2) produced a highly supported (posterior
probabilities >0.99) bifurcating tree, 10 of the 15 individual
gene trees had polytomies and much lower support values
(electronic supplementary material, table S7).

This dichotomy between a well-supported concatenated
multi-gene tree and discordant individual gene trees is not
surprising. Numerous studies have demonstrated that phylo-
genetic inference based on concatenation of genes evolving
under different coalescent properties can produce incorrect,
but well supported trees [59—-61]. This effect is particularly
prevalent in species-level analyses where few genetic changes
separate the taxa [61]. Recognition of this problem has led
to coalescent-based methodologies that model emergent
relationship properties within a group of individual gene
trees to produce a more realistic species tree [60,62,63]. Unfor-
tunately, even this framework failed to resolve relationships
among Mesenchytraeus, as demonstrated by the multifurcat-
ing consensus tree (figure 3a), and the considerable
ambiguity present in the full set of trees (figure 3b). This fail-
ure may be due to limitations of the MSC, in that gene tree
incongruities due to factors other than ILS (e.g. hybridization,
adaptive selection) are not accounted for.

Among the proposed causative factors of gene tree/
species tree discord, ILS is a likely agent, given the short
branch lengths within the Mesenchytraeus clade, and their
extraordinary habitat diversity suggests adaptive selection
may also play a role. Horizontal gene transfer, thought to
be primarily confined to prokaryotes, is increasingly found
to be the source of novel traits in a variety of eukaryotes
[64] and cannot be dismissed. Finally, mitochondrial
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introgression resulting from gene flow (i.e. hybridization)
between species may explain the considerable incongruities
seen in the mitochondrial datasets and the inefficacy of the
MSC to resolve species relationships. Interestingly, mitochon-
drial introgression has a putative role in rapid adaptive
radiations [65] and energy metabolism [66]. Indeed, the over-
whelmingly discordant trees, short branch lengths, and
equidistant divergence rates among the Mesenchytraeus
worms examined here argue persuasively for a recent and
rapid adaptive radiation event.

Mountain building in the Pacific northwestern region
occurred 5-10 Ma (late Miocene to early Pliocene; [67-69]),
thus the worms considered in this study are unlikely to pre-
date this time period. Periodic glacial cycles and volcanic
activity [70] characterize the region, and the continuity of gla-
cier ice/snow is supported by the persistence of ice worms
[71], which are a stenothermic, glacially obligate species
[72-75]. Further, documented refugia have been described
throughout this region and time period, providing a genetic
pool from which the diverse species could have arisen
[76-79]. Previous analyses estimate ice worm origins
between approximately 4.9 and 9Ma [71], which may
approximate the time frame of the Mesenchytraeus radiation
proposed here. We hypothesize that geological uplifting in
the region created the diverse ecozones into which these
worms invaded, and thus these two events (i.e. mountain
building/Mesenchytraeus radiation) are likely coincident.
Regardless of timing, however, our data support a short
time window of rapid speciation in which environmental
conditions were favourable for a cold adapted species to

invade a wide variety of newly created habitats. Clearly,
our use of a large dataset has served to enhance the phylo-
genetic signal, but increasing the number of taxa as data
becomes available may provide finer resolution in future
analyses.

Their origins notwithstanding, extant Mesenchytraeus
species in the Pacific Northwest offer a unique animal
group to dissect the relationship between genes and the
environment, particularly in the context of habitat diversity
and thermal regimes. We anticipate that life histories of
other regional Mesenchytraeus worms, and possibly other psy-
chrophilic fauna in the Pacific Northwest, may share a similar
evolutionary paradigm.
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