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Abstract

Micro-RNA (miRNA) genes encode abundant small regulatory RNAs that play key roles during development and in homeostasis by
fine tuning and buffering gene expression. This layer of regulatory control over transcriptional networks is preserved by selection
across deep evolutionary time, yet selection pressures on individual miRNA genes in contemporary populations remain poorly
characterized in any organism. Here, we quantify nucleotide variability for 129 miRNAs in the genome of the nematode
Caenorhabdiitis remaneito understand the microevolution of thisimportant class of regulatory genes. Our analysis of three population
samples and C. remanei’s sister species revealed ongoing natural selection that constrains evolution of all sequence domains within
mIRNA hairpins. We also show that new miRNAs evolve faster than older miRNAs but that selection nevertheless favors their
persistence. Despite the ongoing importance of purging of new mutations, we discover a trove of >400 natural miRNA sequence
variants that include single nucleotide polymorphisms in seed motifs, indels that ablate miRNA functional domains, and origination of
new miRNAs by duplication. Moreover, we demonstrate substantial nucleotide divergence of pre-miRNA hairpin alleles between
populations and sister species. These findings from the first global survey of miRNA microevolution in Caenorhabditis support the idea
that changes in gene expression, mediated through divergence in miRNA regulation, can contribute to phenotypic novelty and
adaptation to specific environments in the present day as well as the distant past.
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Introduction et al. 2005), miRNAs exert widespread influence on both

Intense regulation of genomes by small RNAs forms one of the
major biological discoveries of the past decade. The micro-
RNAs (miRNAs) comprise one class of small RNAs that play
key roles in regulating development and physiology by acting
as global managers of gene expression (Ambros 2004; Bartel
2004; Plasterk 2006). The function of miRNAs in regulating
tissue identity arose early in animal evolutionary history
(Grimson et al. 2008; Christodoulou et al. 2010), with accel-
erated acquisition of novel MRNA families during the phase
of morphological innovation in early vertebrates and during
the diversification of mammals and hominoids, supporting the
view that miRNAs function to fine tune and buffer expression
to facilitate phenotypic diversification (Heimberg et al. 2008;
lwama et al. 2013; Meunier et al. 2013). Moreover, because a
single miRNA may regulate hundreds of distinct target mes-
senger RNA (mRNA) gene transcripts (Farh et al. 2005; Lewis

genome regulation and genome evolution by imposing selec-
tive constraints on the evolution of the 3’ untranslated region
(UTR) and protein-coding sequences of their gene targets
(Farh et al. 2005; Stark et al. 2005; Cheng et al. 2009;
Chen et al. 2011; Jan et al. 2011; Takuno and Innan 2011).

miRNA family composition and homologous relationships
in genomes of related species provide a baseline of insights
about miRNA formation and evolution (Liu, Okamura, et al.
2008; Berezikov 2011). Even closely related species contain
unique sets of miRNA families, indicating that miRNA birth is
ongoing and can be rapid, with attendant divergence in
miRNA-mediated regulatory networks (Berezikov et al.
2006; Lu, Shen, et al. 2008; de Wit et al. 2009; Fahlgren
et al. 2010; Shi et al. 2013). Differential expression of con-
served miRNAs could also contribute to phenotypic diversity.
For instance, miRNA expression level differences between
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human populations might cause corresponding variation
among individuals in target mRNA expression and drug sen-
sitivity (Huang et al. 2011). Similarly, expression variation in a
miRNA causes differences in trichome numbers in Drosophila
melanogaster (Arif et al. 2013) and disparities in spatio-
temporal expression profiles of homologous MiRNAs are
more pronounced between species that are more distantly
related and physiologically dissimilar (Ason et al. 2006).

Despite the clear biological importance of miRNA regula-
tion, the microevolution of mMiRNA genes is not well under-
stood. Surveys of miRNA sequence evolution have shown that
most miRNAs experience intense purifying selection against
new mutations, presumably to maintain their regulatory con-
trol over gene expression (Saunders et al. 2007; Ehrenreich
and Purugganan 2008; Quach et al. 2009; Nozawa et al.
2010; Jovelin and Cutter 2011; Jovelin 2013; Mohammed
et al. 2013). In humans, only 65 single nucleotide
polymorphisms (SNPs) were retrieved from 474 miRNAs in
the SNP database (Saunders et al. 2007), but perhaps twice
as many allelic variants per miRNA can be found from direct
sequencing of miRNA regions in human populations (Quach
et al. 2009). Nevertheless, some miRNA genes evolve without
such strong constraint (Liang and Li 2009; Nozawa et al.
2010), consistent with reports of high miRNA gene turnover
in mammals and flies (Lu, Shen, et al. 2008; Meunier et al.
2013). Underlining the potential role of mMiRNA sequence evo-
lution in phenotypic innovation, positive selection for se-
guence change could be detected on some miRNAs (Lu, Fu,
et al. 2008; Quach et al. 2009). The phylogenetic age and
expression of MIRNA genes correlate inversely with their rate
of evolution, with greater sequence conservation for miRNAs
of more ancient origin and higher expression level (Ruby et al.
2007; Lu, Shen, et al. 2008; Liang and Li 2009; Fahlgren et al.
2010; Nozawa et al. 2010; Lenz et al. 2011; Shen et al. 2011;
Nozawa et al. 2012; Jovelin 2013; Meunier et al. 2013).

The ways in which we should expect natural selection to
drive miRNA sequence change on microevolutionary time-
scales within populations depend critically on the mechanisms
of miIRNA biogenesis and functional activity. The most impor-
tant functional product, the ~22-bp long mature miRNA, is
produced through sequential cleavage, first of the primary
transcript and then of the stem-loop structured pre-miRNA,
respectively, by RNAse Ill Drosha and Dicer. However, a single
pre-miRNA hairpin may generate up to three RNA regulatory
species: 1) The mature miRNA (miR), 2) its complementary
sequence from the other arm of the miRNA hairpin—the
miR*, and 3) loop MIRNAs (Okamura et al. 2008, 2013;
Yang et al. 2011; Winter et al. 2013). In addition to the po-
tential regulatory complexity afforded by these distinct com-
ponents, processed variants of the same miRNA gene, called
isomiRs, can generate functional diversity (Neilsen et al. 2012).
Mature miRs are then loaded in the RNA-induced silencing
complex to repress translation of specific mMRNA targets
through perfect base complementarity of the 5 miRNA seed

motif with the 3’ target UTR, with possible additional target
recognition specificity contributed by central sites and 3" com-
pensatory sites (Bartel 2009; Shin et al. 2010). In addition,
Drosha-independent and Dicer-independent pathways also
generate miRNAs and pre-miRNA stages could also have a
direct role in target recognition (Yang and Lai 2011; Chen
2013). Consequently, the entire hairpin, and especially the
mature miR, will be subject to strong purifying selection for
both functional activity and proper miRNA processing. Indeed,
naturally occurring SNPs outside the mature miR sequence can
alter processing and lead to misregulation (Duan et al. 2007
de Meaux et al. 2008; Jazdzewski et al. 2008, 2009). Thus,
natural sequence variability in both the miR and its flanking
sequence that comprises the pre-miRNA hairpin has the po-
tential to modulate expression of miRNAs and their target
genes. It is therefore essential to investigate sequence evolu-
tion of the entire stem-loop hairpin to determine how evolu-
tion of MiRNAs can alter regulatory networks.

The nematode Caenorhabditis remanei provides a powerful
system to study microevolutionary change. The genome of C.
remanei contains an exceptionally high density of SNPs in nat-
ural populations, with ~4% of nucleotide sites expected to
differ between a pair of alleles in the absence of selective
constraint (Cutter et al. 2013). The short genetic distance at
unconstrained sites between C. remanei and its sister species
Caenorhabditis latens, formerly known as C. sp. 23 (Dey et al.
2012; Felix et al. 2014), makes interspecies comparisons useful
for inferring the directionality of mutational changes from
their common ancestor and for detecting adaptive evolution
(Jovelin et al. 2014). Caenorhabditis elegans also is a close
relative and the species in which miRNAs were first discovered
(Lee et al. 1993), and so miRNA content in C. remanei has
been investigated through RNA-seq (de Wit et al. 2009; Shi
et al. 2013). Previous analyses of miRNA evolution in
Caenorhabditis briggsae and Caenorhabditis nigoni (formerly
known as C. sp. 9) identified changes in miRNAs predicted to
alter gene regulation but were based on interspecies diver-
gence or allelic variation in a limited number of MIRNAs
(Jovelin and Cutter 2011; Jovelin 2013). Consequently, the
C. remanei genome presents a particularly powerful system
in which to quantify the microevolutionary pressures on
miRNAs on a per-gene basis, side stepping many challenges
of studying per-gene evolution in natural populations of C
elegans (Cutter et al. 2009; Rockman and Kruglyak 2009;
Andersen et al. 2012) and many other organisms. Here, we
take advantage of these virtues of C. remanei to quantify
miRNA sequence change for most of the miRNAs in the C.
remanei genome. Our analysis of >400nt changes in 129
mMiRNA genes, allelic variation from 3 C. remanei populations
and interspecies comparisons, identifies population-specific al-
leles, variants predicted to affect miRNA-induced gene regu-
lation and mIRNAs with nonneutral patterns of nucleotide
variation despite a predominant signal of ongoing purifying
selection against new mutations in contemporary populations.
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Materials and Methods

Strains

We analyzed C. remanei strains originating from three differ-
ent populations (Dayton, OH; Kiel, Germany; King City, ON)
(Cutter 2008; Jovelin et al. 2009; Dey et al. 2012), as well as
strains of sister species C. latens isolated from Wuhan City,
China (Dey et al. 2012). Caenorhabditis latens was formerly
known as C. sp. 23 (Felix et al. 2014). We included four ad-
ditional strains of C. remanei (Japan; Tennessee, United States)
and one of C. latens (JU724 from Zhouzhuang City, China) for
analysis of the mir-64 cluster. All strains are isofemale lines
derived from individuals collected from isopods or decaying
vegetal matter, subsequently reared on agar plates seeded
with Escherichia coli OP50 following standard protocols
(Brenner 1974).

miRNA Data Set

We attempted to analyze population genetic variation for all
149 miRNAs that were first identified in C. remanei by RNA-
seq (de Wit et al. 2009), but failed to amplify and sequence 25
of them, even after designing a second set of primers. A
recent study identified 47 additional miRNAs in C. remanei
(Shi et al. 2013), and our final data set included 129 miRNA
genes. All 129 miRNAs were assessed for allelic variability in a
sample from the Ohio population (median=10 strains per
locus), which represents 83% of the miRNAs identified by
de Wit et al. (2009) and 69% of the C. remanei miRNAs an-
notated in miRBase v20 (Kozomara and Griffiths-Jones 2011).
We analyzed sequence variability for 38 miRNAs in strains
sampled from Germany (median n=10 per locus) and
Ontario (median n=9 per locus). In addition, we sequenced
79 of the miRNAs in C. latens, and collected sequence data
from 2 C. latens strains for a subset of 65 miRNAs.

We included in our data set 20 miRNAs that were identified
by de Wit et al. (2009) but that were not annotated in
miRBase v20 (n =20 for diversity within Ohio, n=9 for inter-
species divergence) because we sought to contrast the evolu-
tion of lineage-restricted versus phylogenetically preserved
miRNAs. We note, however, that Shi et al. (2013) indepen-
dently identified 23% of the 40 C. remanei candidate miRNAs
from de Wit et al. (2009), which are included in miRBase v20.
Because of this flux in miRNA recognition, we refer to miRNAs
by their name when they are present in miRBase (e.g., lin-4,
let-7, mir-1) and use previous authors’ nomenclature for
miRNA names when they are absent from miRBase (e.g.,
block453) (de Wit et al. 2009). We use the notation mir-1
to refer to the mir-1 miRNA gene and its hairpin sequence,
and miR-1 to refer to its mature sequence.

To test the robustness of our results against possible miRNA
misannotation, we repeated our analyses after excluding
miRNAs with unusual patterns of polymorphism. Specifically,
we removed 21 miRNAs with greater nucleotide diversity in

the hairpin region than in non-miRNA flanking sites (12
miRBase-annotated mMIRNAs: mir-35b, mir-35¢-2, mir-57,
mir-59, mir-72, mir-75, mir-236, mir-238, mir-244, mir249,
mir-252, mir-253; 9 non-miRBase miRNAs: block563,
block1224, block1363, block2005, block2830, block2890,
block2981, block3884, block4362). Note that this procedure
is conservative because it may eliminate bona fide miRNAs
that evolve adaptively (Lyu et al. 2014). It is also more conser-
vative than comparing hairpin diversity with synonymous site
diversity in protein-coding genes because only five miRNAs
have more polymorphism than synonymous sites. We could
not compare diversity between flanking sequences and
miRNA hairpins for members of the mir-54 and mir-64 clus-
ters. However, these miRNAs are unlikely to be misannotated
because we identified their homologs in eight Caenorhabditis
species (supplementary fig. S8, Supplementary Material online
and unpublished results).

PCR Amplification and Sequencing

DNA was amplified for each strain from a single individual
using the manufacturer’'s protocol of the REPLI-g kit
(Qiagen), with the exception of the C. remanei strains from
Ontario. Genomic DNA isolated from individual worms was
diluted 20 times prior to polymerase chain reaction amplifica-
tion. For each strain from Ontario, DNA was isolated from
large populations of worms using the DNeasy Blood and
Tissue kit (Qiagen). Primers designed from the reference
genome of C. remanei strain PB4641 were used to amplify
and sequence MiRNAs with ~200 bp of upstream and down-
stream sequence in C. remanei and C latens strains.
Amplifications were processed in 30l reaction volumes
with 1.5l dimethyl sulfoxide (DMSO), 3ul of nucleotide
mix (6.6mM), 3ul 10X buffer (Fermentas), 2.4ul MgCl,,
0.36 ul of each primer (50 uM), 0.18 ul of Tag polymerase
(New England Biolabs), and 2 ul of genomic DNA. Cycling
conditions were as follows: 95°C for 4 min followed by 35
cycles of 95°C for 1 min, 55°C or 58°C for 1 min, and 72 °C
for 1 min. Amplifications were sequenced at the University of
Arizona sequencing facility. All markers were sequenced on
both strands and all polymorphisms were visually verified
using sequencing chromatograms. Heterozygous sites were
coded according to the International Union of Pure and
Applied Chemistry and haplotypes were resolved using the
program PHASE 2.1 implemented in DnaSP 5.10 (Librado
and Rozas 2009). Primer sequences were manually deleted
from each sequence prior to analysis.

Phylogenetic Conservation and Expression Level of
miRNASs

We obtained the distribution of miRNA families from four
Caenorhabditis species (C. elegans, C. briggsae, C. remaneli,
and Caenorhabditis brenneri) from miRBase v20 and de Wit
et al. (2009). We applied a strict criterion to define
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nonconserved miRNAs in the C. remanei genome as those
with a unique seed sequence not known from any other
Caenorhabditis. This procedure vyielded 24 “unique” and
105 “conserved” miRNAs in our data set. As an alternative
classification, we defined nonconserved miRNAs as those with
a seed belonging to a family unique to C. remanei or present in
at most one other Caenorhabditis species, similar to the def-
inition adopted by Shi et al. (2013). By this alternative defini-
tion, we classified 29 “low conservation” and 100 “high
conservation” mIiRNAs in our data set. We quantified
miRNA expression level as the number of RNA-sequencing
reads from de Wit et al. (2009).

Sequence Analyses

We aligned sequences manually for each locus using BioEdit
(Hall 1999) and then quantified SNP using the diversity index ©
in DnaSP 5.10 (Nei 1987; Librado and Rozas 2009). We also
guantified SNP density per base pair as the ratio of the number
of SNPs to the length of sequence examined, divided by
log(n—1), where n is the sample size, analogous to
Watterson's correction (Watterson 1975). Caenorhabditis
latens sequence served as outgroup to determine ancestral
and derived alleles within C. remanei and to quantify K, the
interspecies nucleotide divergence between orthologs, with a
Jukes—Cantor distance in MEGA 5 (Tamura et al. 2011). For
comparison with miRNAs, we compiled published polymor-
phism data for 78 C. remanei protein-coding genes to com-
pute SNP density at synonymous and nonsynonymous sites
(Jovelin et al. 2003, 2009; Cutter et al. 2006; Cutter 2008;
Jovelin 2009; Dey et al. 2012). A set of 20 coding genes avail-
able for multiple populations of C. remanei and for C. latens
was applied to contrasts involving those population samples
(Dey et al. 2012). For all analyses of interspecies divergence,
we used C. remanei strain PB4641 (reference genome) and C.
latens strain VX0082 (or VX0087 if the VX0082 allele was
missing).

We investigated selective constraints in miRNAs by compar-
ing nucleotide polymorphism and divergence in mature miRs,
hairpin backbones (hairpin minus mature miR), and synony-
mous sites of protein-coding genes. We also analyzed poly-
morphism (i) and divergence (K, Jukes—Cantor distance) at
the genomic location of miRNAs using overlapping 15-bp
long windows with a 5-bp step using DnaSP 5.10. Windows
were aligned on the first position of the miRNA sequence and
nucleotide diversity and divergence were averaged across
each window, eliminating point estimates with <10 windows.
For the sliding window analysis, we focused on miRNAs that
are >200bp distant from their nearest miRNA neighbor so
that flanking regions do not contain miRNA sequence (n =95
for polymorphism, n=58 for divergence). To examine the
structural context of miIRNA SNPs, we first predicted, for
each miRNA, the stem-loop structure of the PB237 strain
allele, or the PB247 allele if the PB237 allele was missing,

using the Vienna RNA server (Gruber et al. 2008). We then
used the structure of the PB237 allele as a reference to map
SNPs in different regions of the hairpin and at paired and
unpaired sites. Similarly, we investigated the structural context
of substitutions using the hairpin of C. remanei strain PB4641
as reference.

We quantified the site frequency spectrum (SFS) in the
entire hairpin with Tajima’s D (Tajima 1989) and determined
its significance by coalescent simulations using DnaSP 5.10
with 50,000 replicates, making the conservative assumption
of no intragenic recombination (Tajima 1989; Wall 1999) and
assuming a standard-neutral model. The pattern of polymor-
phism in C. remanei suggests demographic equilibrium, parti-
cularly in the populations from Ohio and Ontario (Cutter et al.
2006; Dey et al. 2012). We also tested deviation from neu-
trality using the normalized Fay and Wu's H (Fay and Wu
2000) computed with the program DH and assessed its sig-
nificance by coalescent simulations with 10,000 replicates
(Zeng et al. 2006).

We measured genetic differentiation among populations
with Fst (Wright 1951) using the entire hairpin sequence.
For each SNP in the mature miR, we also quantified the fre-
guency of the derived allele or the frequency of the minor
allele using the Ohio population as reference, in three popu-
lations of C. remanei from Ohio, Ontario, and Germany.

We identified an extra mir-64 copy within the C. latens mir-
64 cluster based on sequence similarity with mir-64 homologs
in C. latens and C. remanei, and typical minimum free energy
stem-loop structure computed with the Vienna RNA server.
We reconstructed the phylogenetic relationships among
mature sequences of members of the mir-64 cluster in C.
remanei, C. latens, C. elegans, C. briggsae, and C. brenneri
using Neighbor-Joining with a maximum composite likelihood
distance in MEGA 5, and assessed node confidence with
1,000 bootstrap replicates. We also computed nucleotide di-
vergence, with a maximum composite likelihood distance,
among mir-64 homologs in C. remanei and C. latens sepa-
rately for the mature and hairpin sequences.

We predicted the hairpin structure of miRNA block563 al-
leles in C. remanei and C. latens to examine the effect of a
large 51-bp deletion in C. remanei on miRNA folding and
stability. We extended the analysis of conservation of miRNA
sblock26 to Caenorhabditis japonica, C. sp. 5, and
Caenorhabditis tropicalis and searched for orthologs in the
genome assemblies of these species in Wormbase WS238
using BLAST (Altschul et al. 1990), where C. tropicalis was
previously known as C. sp. 11 (Felix et al. 2014). We identified
four conserved sequences in C. tropicalis and C. brenneri.
However, we detected 51 identical hairpin sequences in C.
Jjaponica, located in contigs ~2kb or less in length. We as-
sumed that the large number of identical sequences is an
artifact of the current genome assembly and retained only
one sequence for further analyses. We estimated pairwise se-
guence divergence among sblock26 homologs separately for
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the miR and the entire hairpin with a Jukes—Cantor distance in
MEGA 5.

Results

Allelic Variation at miRNA Loci in Natural Populations

We discovered a total of 381 SNPs and 32 indels located
within 129 miRNA gene hairpins in an Ohio population of C.
remanei (fig. 1A and supplementary table S1, Supplementary
Material online). This gene collection comprises a large major-
ity of the miRNAs in the genome: 83% of miRNAs identified in
de Wit et al. (2009) and 69% of miRBase release 20 miRNAs
(Kozomara and Griffiths-Jones 2011) that include a recent
update of Caenorhabditis miRNAs (Shi et al. 2013). Nearly
one-third (29%) of miRNA hairpins had no polymorphisms
at all, although polymorphic miRNAs contained up to 20 var-
iable sites. Subsequent analysis of C. remanei strains from
Germany and Ontario revealed respectively 153 and 151
SNPs and 11 and 10 indels in a subset of 38 miRNA genes
that we had found to have allelic variation within Ohio (sup-
plementary table S1, Supplementary Material online). And, for
the 79 miRNAs that we sequenced in the closely related spe-
cies C. latens, we identified 302 nt substitutions and 37 indel
differences between the 2 species. This wealth and density of
mutations in MIRNA genes within a single species and

between sister species thus provide a powerful substrate to
test the processes driving their microevolutionary dynamics.

Patterns of Polymorphism Reveal Selective Constraints on
miRNASs

Given this abundance of allelic variants in miRNA sequences,
how does the pattern of nucleotide polymorphism implicate
natural selection? SNP density differs drastically across struc-
tural regions of the miRNAs, indicating strongest selective con-
straint for the mature and star miRNA regions and lowest
constraint for sites located in loops (fig. 1B). However, purify-
ing selection reduces nucleotide variation across the entire
hairpin sequence, leaving a clear signature relative to genomic
locations that flank miRNAs (fig. 2A and C). When we quan-
tified nucleotide polymorphism and sequence divergence sep-
arately for the mature miR in the hairpin, we observed 18
times less polymorphism than for synonymous sites, used as
a proxy for selective neutrality. This pattern is indicative of
potent purifying selection on miRNA sequences and extends
even to miRNA backbone sequences (the hairpin minus the
miR), which contain three times less polymorphism than syn-
onymous sites (fig. 2B and D). The same pattern holds for the
populations of C. remanei from Ontario and Germany and for
nucleotide divergence in orthologous regions between
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C. remanei and C. latens (supplementary tables $2-54,
Supplementary Material online).

We further examined patterns of selection on miRNAs
using allele frequencies. The majority of SNPs segregate at
low frequency when using both the minor and derived allele
frequency (MAF and DAF), similar to previous observations in
C. briggsae (Jovelin and Cutter 2011). The skewed distribu-
tions of MAF and DAF further implicate negative selection
as the dominant evolutionary force operating on miRNA
loci in present-day populations (supplementary fig. ST,
Supplementary Material online).

Unpaired sites, comprising the primary hairpin loop and
secondary loops that form owing to imperfect base comple-
mentarity along the hairpin foldback, have more abundant
SNP variation than paired sites (fig. 2C and D). However, we

found that both paired and unpaired miRNA sites show sig-
nificantly lower nucleotide variation relative to synonymous
sites of coding genes (fig. 2C and D).

For the aggregate analyses described above, we included a
set of candidate novel miRNAs identified through RNA-seq (de
Wit et al. 2009) that are not currently deposited in miRBase
release 20 (see Materials and Methods). We then repeated our
analyses separately for miRBase miRNAs and for the candidate
miRNAs. We detected qualitatively similar signatures of puri-
fying selection on candidate miRNAs as for miRBase-
annotated miRNAs (supplementary fig. S2, Supplementary
Material online), providing evidence that the non-miRBase
miRNAs may indeed represent functional miRNA genes and
that our general conclusions are unaffected by sampling
scheme of loci (see also below). Overall, we find that all
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Fic. 3.—(A) SNP frequencies in mature miRs among populations of
C. remanei. Most variants are found in a single population and at low

segments of the mIRNA hairpin are subject to selective
constraints for the preservation of the hairpin structure and
to maintain miRNA-target interactions.

miRNA Allele Frequency Divergence among Populations

We contrasted variation in mature miR sequence among C.
remanei populations to explore the possibility that population-
specific variants and differences in allele frequencies between
populations could reflect local adaptation to different parts of
the species range. Most of the SNPs in mature miRs are unique
to a single population and occur at low frequency, indicative
of ongoing species-wide purifying selection to eliminate new
detrimental mutations. Of the 23 SNPs in miR sequence, how-
ever, six appeared in two or all three populations of C. remanei
(fig. 3A). Moreover, eight miRNAs (block2890, block2892,
block2981, block3297, mir-35i, mir-64a, mir-787, and mir-
7606) have SNPs with minor allele frequency >25% in at
least one population. For instance, the major allele in the
Ohio population at position 22 in mir-787 is fixed in the pop-
ulation sample from Ontario, whereas the minor allele is fixed
in the population sample from Germany (fig. 3A). Thus, de-
spite the potential contribution to heterogeneity in gene reg-
ulation among individuals, most observed SNPs in the mature
miRNA may have limited long-term impact on the evolution of
gene regulation. And yet, our analysis also identifies candidate
miRNAs that may be involved in differential gene expression
among populations.

We evaluated allele frequencies within the Ohio population
quantitatively using Tajima’s D (Dr,) and Fay and Wu's H (Hew)
statistics to assess skews in the SFS that can be indicative of
natural selection on miRNA sequences (Tajima 1989; Fay and
Wu 2000). We detected nonneutral patterns of nucleotide
variation in nine genes, four of which have an SNP located
in the mature miR (mir-35b, mir-248, mir-787, and mir-2227).
SNPs in seven miRNAs show an excess of rare variants (Drs < O
for mir-35b, mir-248, mir-356, mir-784, mir-787, mir-2227,
and mir-2230; fig. 4A) and three miRNAs have an excess of
derived high-frequency alleles (Hry < O for mir-64c, mir-248,
and block2005; fig. 4B). These tests are significant only for
mir-248 and mir-35b after applying the Benjamini—-Hochberg
correction for multiple testing with a 5% false discovery rate.

Fic. 3.—Continued

frequency, with noticeable exceptions for instance for SNPs in mir-64a,
mir-248, mir-787, block2892, and block3297. Columns represent separate
populations and rows represent distinct SNPs. Each circle represents the
frequencies of the ancestral or major allele (in purple) and the derived or
minor allele (in blue). The different alleles and their position relative to the
start of the mature miR are indicated in the right panels. Ancestral alleles
identified by comparison with C. /atens are marked with a thick line. SNPs
located in a same miRNA are joined by a horizontal bar. (B) A 14-bp long
deletion present in 22% of the population from Ontario removes the seed
motif of the mature miR in miRNA block2890 and also alters the hairpin
structure.
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Note that the miRNAs with nonneutral patterns of diversity
identified with the Dr,; and the Hpyy statistics are largely non-
overlapping because of the lack of an available orthologous
outgroup for most of the miRNAs with significant skewed SFS.
Nevertheless, this discrepancy could also reflect differences
between the two tests because negative Dr,; values are com-
patible with the action of negative and positive selection,
whereas negative Hry values typically indicate positive selec-
tion. Six of these eight miRNAs with nonneutral patterns of
variation have homologs in C. efegans. To gain insights into
the potential function of these six miRNAs, we obtained the
lists of all predicted target genes in C elegans using
TargetScanWorm 6.2 (Jan et al. 2011), and determined func-
tional enrichment of Gene Ontology (GO) terms related to
biological processes using DAVID (Huang et al. 2009).
Interestingly, the first ranked functional clusters of five
MIiRNAs (mir-64, mir-248, mir-356, mir-784, and mir-787)
are enriched for GO terms related to gonad development,
although enrichment is significant only for mir-248, mir-356,
and mir-787 after correction for multiple testing (supplemen-
tary table S5, Supplementary Material online). The SFS for
SNPs in flanking regions of mir-248, mir-784, and mir-2230
also deviate from neutrality, so we could not precisely
identify the genomic loci with perturbed SFS. Nevertheless,
nongenic regions of these miRNAs (supplementary fig. S3,
Supplementary Material online) could contain cis-regulatory
sites affecting miRNA transcription, which also may represent
important targets of selection.

Mutations of miR Seed Regions

Despite generally conservative evolution of miRNA genes, the
mature miRs contain a greater density of SNPs than do amino
acid replacement sites in protein-coding genes (supplemen-
tary table S2, Supplementary Material online). Four mature

miRs (block2891, block2981, block3297, and block3884)
contain an SNP in the seed motif required for target interac-
tion (fig. 3A4), subject to some caveats discussed below.
However, these SNPs are present at moderate frequency sug-
gesting that they may have limited impact on the evolution of
miRNA function. One exception is the derived A — C trans-
version in the seed of miRNA block3297, which occurs in all
three strains from Ontario but is absent in the samples from
Ohio and Germany (fig. 34). Nevertheless, the small sample
size for this miRNA in the population from Ontario makes it
unclear whether this SNP is truly fixed or if this site might prove
variable if other individuals could be assessed. Two other
miRNAs (lin-4 and mir-64b) have an SNP in the seed motif
of the star miRNA, although we observed no substitutions
between C. remanei and C. latens orthologs in the seeds of
mature and star miRNAs (fig. 1A).

Structural variants involving miRNAs also can generate sub-
stantial functional diversity. We found indel polymorphisms
that completely delete the seed sequence or mature miR for
three other miRNAs, providing examples of variation in miRNA
content within and between populations of a single species.
A 14-bp deletion, unique to the Ontario sample, removes the
entire seed and strongly destabilizes the mIRNA hairpin
(fig. 3B). Another indel is a 59-bp long deletion removing
the entire mature miR, present in 20% of the strains from
the Ohio sample (supplementary fig. S4, Supplementary
Material online). The other deletion is 201-bp long and re-
moves 89% of the hairpin sequence in all strains from Ohio
(supplementary fig. S5, Supplementary Material online).

Evolution of Novel and Lineage-Restricted miRNAs

We next sought to address the relationship between phyloge-
netic conservation and sequence polymorphism. When we
classify C. remanei miRNAs based on the degree of
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Fic. 5.—Signatures of purifying selection in miRNAs belonging to novel families unique to C. remanei and C. latens. (A) Selective constraints are stronger
for mature sequences and paired sites. (B) Distribution of nucleotide variation in different region of miRNA hairpins.

preservation of their family in other Caenorhabditis species
(unique vs. conserved), we find that evolutionary signatures
both in the short term (polymorphism) and longer term (diver-
gence) are concordant with faster evolution of those miRNAs
unique to C. remanei and C. latens (supplementary fig. S6,
Supplementary Material online). However, we detect qualita-
tively similar signatures of purifying selection both for unique
and conserved miRNAs (fig. 5). Altogether, these findings are
consistent with more rapid sequence evolution for newly
emerging miRNAs, as observed in Drosophila (Nozawa et al.
2010; Mohammed et al. 2013; Lyu et al. 2014), nevertheless
coupled to selection favoring their persistence.

The evolution of novel MiRNAs could have genome-wide
consequences on gene regulation owing to the small motifs of
sequence complementarity required for binding to potential
targets (Bartel 2009; Zheng et al. 2011). However, low and/or
restricted spatio-temporal expression of newly emerging
miRNAs could limit the deleterious effects of novel regulatory
interactions (Chen and Rajewsky 2007). Consistent with this
hypothesis, we found that phylogenetically restricted miRNAs
have significantly lower expression in C. remanei (fig. 6). In
addition, miRNA expression level in C. remanei correlates neg-
atively with the amount of nucleotide variability (hairpin:
Spearman’s p=-—0.214, P=0.017; backbone: p=-0.207,
P=0.021; miR: p —0.221, P=0.014). A qualitatively similar,
nonsignificant trend involving miRNA expression level is pre-
sent for sequence divergence between orthologs in C. rema-
nei and C. latens (hairpin: p=—0.184, P=0.110; backbone:
p=-—0.186, P=0.106; miR: p=—0.206, P=0.072). These re-
sults suggest that low expression of novel mMiRNA genes could
delay their elimination and may enable their integration into
regulatory networks while also allowing faster sequence

) sekedk

.(g; 350 — —

[}

= 300

o

@ 250 -

Ko}

g

2 200 —

Q 150

o

_5 100

@

o 50 -

3

a L
conserved unique
phylogenetic

conservation

Fic. 6.—miRNAs from families unique to C. remanei are expressed at
lower levels than miRNAs from families conserved in other Caenorhabditis
species. Expression read counts from de Wit et al. (2009).

evolution, perhaps facilitated by positive selection (Lyu et al.
2014).

In vertebrates, new miRNAs tend to arise in intronic se-
guences (Campo-Paysaa et al. 2011; Meunier et al. 2013),
and so miRNA genes nested in the introns of other genes
might be younger and show faster sequence evolution than
miRNAs located in intergenic regions. However, we find that
miRNAs unique to the C. remanei lineage are no more abun-
dant in introns than are miRNAs conserved across many spe-
cies (x* P=0.76), with approximately one-fifth of both classes
occurring in introns. Moreover, SNP variation and divergence
do not differ significantly between miRNAs occurring in
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introns versus intergenic locations, or, it is the intergenic
miRNAs that show more sequence differences (supplementary
fig. S7, Supplementary Material online). This result is qualita-
tively consistent with comparisons of substitution rates
between orthologous miRNAs in C. briggsae and C. nigoni
(formerly C. sp. 9) (Jovelin 2013).

Evaluation of Possible miRNA Misannotation

The analyses presented above identify several miRNAs with
alleles that are predicted to affect the regulation of their
target genes despite overall strong purifying selection on
miRNA loci, and suggest different patterns of selection for
young and phylogenetically conserved miRNAs. Because
these analyses single out specific miRNAs, we tested the ro-
bustness of our results against possible miRNA misannotation
by removing 12 miRBase and 9 non-miRBase miRNAs that
exhibited greater nucleotide diversity than in sites directly
flanking the hairpin. An incidental byproduct of this procedure
is that our SNP data provide evidence of selective constraint
for 11 non-miRBase loci, indicative of them representing le-
gitimate miRNA genes. This procedure eliminates two miRNAs
with SNPs in the seed region (block2981 and block3297) and
two miRNAs with skewed SFS (mir-356 and block2005).
However, the pruned data set still contains miRNAs with pop-
ulation-specific alleles and miRNAs with signatures of adaptive
evolution, although only one miRNA shows a significant
excess of derived high-frequency SNPs after correction for
multiple testing (supplementary fig. S8A, F, and G,
Supplementary Material online). Moreover, our conclusions
that young miRNAs evolve faster and are expressed at lower
level than phylogenetically conserved miRNAs while showing
signatures of negative selection also remain robust to the po-
tential of misannotation (supplementary fig. S8B-E,
Supplementary Material online). Thus, our general conclusions
about miRNA microevolution are robust to how miRNA loci
are sampled in the genome with respect to potential gene
misannotations.

Rapid Evolution of a miRNA Gene Cluster

miRNAs are often organized along the genome in clusters
that may be transcribed as a polycistronic unit (Baskerville
and Bartel 2005; Axtell et al. 2011). Clustered miRNAs can
experience rapid evolution in terms of species-specific
tandem duplications, losses, and single nucleotide substitu-
tions in the seed motif of homologs, as seen among species
in  Drosophila  (Mohammed et al. 2013) and in
Caenorhabditis (de Wit et al. 2009; Jovelin and Cutter
2011; Jovelin 2013; Shi et al. 2013). We found that evolution
of the mir-64 cluster is particularly dynamic. Seven miRNA
genes comprise this cluster in C. remanei, but C. latens con-
tains an eighth miRNA owing to recent tandem duplication
of mir-64c (fig. 7A). Phylogenetic analysis suggests that
the duplication of mir-64c predates speciation between

C. remanei and C. latens and that mir-64c-1 was subse-
guently lost in C. remanei (fig. 7A), although it remains pos-
sible that mir-64c duplicated more recently in the lineage
leading to C. latens (fig. 7A and supplementary fig. S9,
Supplementary Material online). We detected mir-64c-1 in
all 7 strains of C. latens isolated from China and in none of
the 43 strains of C. remanei from North America, Europe,
and Japan, implicating the presence versus absence of mir-
64c-1 as a fixed difference between these species.
Extensive sequence differences in the hairpin and in the
mature sequences of mir-64 paralogs suggest possible sub-
functionalization following their origin by duplication (fig.
7B), although conservation of the seed in all members
implies an overlapping set of target genes. Mature se-
guences of mir-64 homologs are well conserved between
C. remanei and C. latens, with the exception of mir-64c ho-
mologs, which differ by up to three substitutions between
the two species. To better understand the very recent evo-
lution of the mir-64 cluster, we then examined the pattern of
genetic differentiation of mir-64 miRNAs between popula-
tions of C. remanei. We observed stronger differentiation
between the Ohio and Ontario populations for two
miRNAs in the cluster than is seen for 95% of loci in a ref-
erence set of coding genes (mir-64a and mir-64c; fig. 7) (Dey
et al. 2012). In addition, mir-64c is one of the most geneti-
cally differentiated miRNAs among the 38 miRNA genes that
we analyzed for all 3 populations of C. remanei, further
implicating this locus in ongoing selectively driven change
(supplementary fig. S10, Supplementary Material online).

Discussion

We have conducted the first global survey of miRNA micro-
evolution in Caenorhabditis, quantifying allelic nucleotide var-
iability for the majority of the miRNA genes in the C. remanei
genome. Investigations of miRNA evolution in Caenorhabditis
have so far been limited to changes in small RNA composition
between species, interspecies divergence in sequence, or to
polymorphism in a small subset of miRNAs (de Wit et al. 2009;
Jovelin and Cutter 2011; Jovelin 2013; Shi et al. 2013). Even
beyond nematodes, astoundingly few studies have attempted
to characterize evolutionary pressures on contemporary time-
scales for miRNAs (Saunders et al. 2007; Ehrenreich and
Purugganan 2008; Liang and Li 2009; Quach et al. 2009).
We discovered 413 natural allelic variants from a single pop-
ulation located in the hairpins of these 129 miRNAs, which
contrasts with just 65 alleles described in an analysis of 474
human miRNA hairpins (Saunders et al. 2007; Quach et al.
2009). Our analysis of this rich SNP variation in C. remanei
demonstrates that contemporary selection pressure on all
parts of miRNAs are dominated by purifying selection to elim-
inate new mutations, even on loop regions of the pre-miRNA
hairpin that evolve more rapidly than the mature miR and
miR* portions of MIRNA genes. However, we also document
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a surprising abundance of miRNA alleles in nature that are
predicted to alter miRNA regulation or function with conse-
quent modulations of regulatory networks involving miRNA
targets. This allelic variation includes SNPs in mature miRs,
SNPs in seed motifs and paired hairpin sites, as well as indels
that ablate some or all of a functional miRNA domain, with an
unexpected signature of positive directional selection favoring
alternative alleles for nine miRNA genes. Moreover, we char-
acterize rapid change in gene content for the mir-64 miRNA
cluster since the common ancestor of C. remanei and its sister
species C. latens, and provide population genetic evidence
that contemporary selection acts generally to retain lineage-
specific “novel” miRNAs in spite of their more rapid evolution.
These findings support the idea that changes in gene expres-
sion, mediated through divergence in miRNA regulation over
genetic networks, can contribute to phenotypic novelty and
adaptation to species-specific selection pressures.

Selection across miRNA Functional Domains

It is well known from deep-time phylogenetic comparisons
that strong purifying selection acts on mature mMiRNAs

(Fahlgren et al. 2010; Mohammed et al. 2013), but it remains
less clear whether this mode of selection also predominates in
modern day populations. We demonstrate that selection on
short and long timescales, in fact, is largely consistent: Strong
purifying selection acts on mature miRNA sequence in con-
temporary populations, not just being evident historically from
phylogenetic comparisons. Moreover, we show how all se-
guence domains within C. remanei miRNA genes experience
purifying selection that results in conservative evolution, in-
cluding the somewhat faster evolving unpaired sites in the
miRNA hairpin (e.g., loop nucleotides). The distribution of nu-
cleotide changes across the hairpin is broadly consistent with
deeper time analyses in other animals and plants (Saunders
et al. 2007; Ehrenreich and Purugganan 2008; Quach et al.
2009; Jovelin and Cutter 2011; Mohammed et al. 2013).
Sequence polymorphism within species and divergence be-
tween species in all these domains is less than half that seen
for synonymous sites of coding genes, a putatively neutral
reference, with the mature miR and miR* sequences having
respectively 18-fold and 11-fold lower SNP density than syn-
onymous sites. This suggests that the mature miR is not the
sole bioactive RNA species generated by processing of the
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miRNA hairpin, but provides an evolutionary signature consis-
tent with recent findings from functional studies that the com-
plementary miR* and loop nucleotides can also have
regulatory activity with their own sets of gene targets
(Okamura et al. 2008, 2013; Yang et al. 2011; Winter et al.
2013). Moreover, loop regions might also influence gene reg-
ulation by controlling miRNA maturation and/or by enabling
miRNA hairpins to direct repression (Liu, Min, et al. 2008;
Trujillo et al. 2010; Yue et al. 2011; Chen 2013). Our findings
therefore implicate selection acting both to maintain the in-
tegrity of the hairpin structure for proper biogenesis and to
maintain miRNA sequence for proper target specificity.

miRNA Genes as Candidate Targets of Adaptive
Evolution

Deep-time preservation and sequence constraint dominate
the prevailing view of miRNA evolution. Despite strong puri-
fying selection to preserve the sequence of most miRNA
genes, surprisingly we identified nine miRNAs with unusual
signatures of allele frequencies that may be indicative of adap-
tive evolution (two miRNAs after correction for multiple test-
ing). Our results mirror a study of human miRNAs that
identified several instances of positive selection under a
global background of purifying selection on miRNA genes
(Quach et al. 2009). To learn more about these nine
miRNAs, we interrogated the function of their homolog in
C. elegans. Three of the six miRNAs conserved between C.
remanei and C. elegans (mir-248, mir-784, and mir-787) are
located on the X chromosome and five of them (mir-64, mir-
248, mir-356, mir-784, and mir-787) regulate target genes
enriched in gonad formation in C. elegans. To the extent
that the function of these four miRNAs is conserved between
C. elegans and C. remanei, these results are consistent with
rapid sequence evolution for X-linked miRNAs and/or miRNAs
with sexually selected roles in testis development (Zhang et al.
2007; Guo et al. 2009; Jovelin 2013; Lyu et al. 2014).

In addition, our analysis of the mir-64 cluster of miRNA
genes further implicates mir-64c as a direct target of positive
selection. We showed that an excess of derived high-
frequency variants localized to mir-64c, and that mir-64c ho-
mologs are the only members of this cluster to have substitu-
tions in the mature miR between C. remanei and C. latens.
Moreover, mir-64c is the most highly differentiated miRNA in
this cluster among populations of C. remanei, also being one
of the most highly differentiated miRNAs in our data set, and
even more strongly differentiated among populations than
95% of non-miRNA reference genes in the genome. The
mir-64c miRNA is part of a conserved cluster that arose by
tandem duplication before the last common ancestor of
C. remanei and C. elegans. However, the number of mir-64
paralogs varies up to 2-fold because of the independent gain
and/or loss of tandem duplicates in different Caenorhabdiitis
species. Same-family miRNA members regulate largely

overlapping target genes, acting in part redundantly in genetic
pathways. Additionally, clustered miRNAs tend to regulate
proteins that directly interact and that are part of the same
network module (Yuan et al. 2009; Wang et al. 2011), but
may also regulate distinct components of genetic pathways
(Friggi-Grelin et al. 2008). Tandem duplicates and gene loss
within the mir-64 cluster may modulate miRNA dosage to
strengthen gene expression regulation according to species-
specific needs (Doench and Sharp 2004). Nevertheless, we
also showed extensive sequence divergence in the hairpin
and mature sequences of mir-64 paralogs in both C. remanei
and C /atens. Duplication may enable the fixation of muta-
tions that confer differences in target repression among para-
logs, a form of genetic subfunctionalization (Lynch and Force
2000). For instance, functional diversification of human para-
logs mir-181a and mir-181c is largely driven by differences in
loop nucleatides (Liu, Min, et al. 2008).

Evolution of Lineage-Specific miRNAs

Sequencing of small RNAs in nematodes revealed that each
species possesses a unique repertoire of miRNA families in
addition to conserved miRNAs (de Wit et al. 2009; Shi et al.
2013), a feature also common to primates (Berezikov et al.
2006), fruit flies (Lu, Shen, et al. 2008), and plants (Fahlgren
et al. 2010). These species-specific pools of MIRNAs imply
recent acquisition of new miRNA genes and, consequently,
high rates of gene birth and death. We observed this process
in the mir-64 cluster as an ongoing evolutionary dynamic be-
tween the closely related species C. remanei and C. latens, and
within and between populations of C. remanei for three other
mMiRNAs. In humans, several hundred miRNAs are located in
copy number variation (CNV) regions. Most miRNAs in high-
confidence CNV regions arose in primates and a few are con-
served among vertebrates (Marcinkowska et al. 2011).
Similarly, we found that only one of the three miRNAs with
deletion polymorphism in C. remanei is conserved in multiple
Caenorhabditis species.

We observed selective constraint among evolutionarily
young miRNAs, but also that they are expressed at lower
level and accumulate more nucleotide polymorphisms than
phylogenetically widespread miRNAs. These findings are con-
sistent with the transcriptional control hypothesis that pro-
poses low expression level and/or breadth at birth of novel
miRNAs will limit their potential for deleterious misregulation
(Chen and Rajewsky 2007; Roux et al. 2012; Meunier et al.
2013; Barbash et al. 2014). Moreover, our results suggest that
novel MiRNAs may be implicated in regulatory differences
among Caenorhabditis species, and highlight the potential
role of new mIiRNA genes in evolution. However, young
miRNAs in C. remanei are not over-represented in introns, in
contrast to vertebrate genomes (Campo-Paysaa et al. 2011,
Meunier et al. 2013), and intronic miRNAs do not accumulate
more mutations than intergenic miRNAs.
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Conclusion

In this study, we have systematically quantified allelic variation
to characterize distinct modes of selection for the majority of
known miRNAs in the nematode C. remanei. Our findings
support the idea that changes in gene regulation mediated
through divergence in miRNA sequence and miRNA content
can contribute to phenotypic novelty and adaptation to spe-
cific environments in contemporary populations, in addition to
deep phylogenetic bursts of evolution. Because miRNAs can
regulate hundreds of genes, mutations in target gene binding
sites ought to confer less pleiotropic effects than mutations to
the trans-acting miRNA. To date, the limited analyses of
miRNA binding site polymorphism suggest that many SNPs
could cause variation in gene expression (Kim and Bartel
2009), despite pervasive purifying selection (Chen and
Rajewsky 2006; Saunders et al. 2007; Ehrenreich and
Purugganan 2008), which could then be the molecular
focus of adaptive evolution (Loh et al. 2011; Li et al. 2012).
Future investigations that integrate variation in miRNAs with
their target binding sites to assess coevolutionary dynamics
will prove important in further dissecting miRNA regulation
in developmental evolution (Tang et al. 2010; Barbash et al.
2014).

Supplementary Material

Supplementary figures S1-510 and tables S1-S5 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).

Acknowledgments

We thank Scott Baird, Hinrich Schulenburg, Marie-Anne Felix,
and Erik Andersen for providing strains. We thank two anon-
ymous reviewers for constructive comments on the manu-
script. This work was supported by a grant from the Ontario
Ministry of Research and Innovation to R.J. and by grants from
the Natural Sciences and Engineering Research Council of
Canada and the National Institutes of Health (grant number
RO1-GM096008) to A.D.C.

Literature Cited

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol. 215:403-410.

Ambros V. 2004. The functions of animal microRNAs. Nature 431:
350-355.

Andersen EC, et al. 2012. Chromosome-scale selective sweeps shape
Caenorhabditis elegans genomic diversity. Nat Genet. 44:285-290.

Arif S, et al. 2013. Evolution of mir-92a underlies natural morphological
variation in Drosophila melanogaster. Curr Biol. 23:523-528.

Ason B, et al. 2006. Differences in vertebrate microRNA expression. Proc
Natl Acad Sci U S A. 103:14385-14389.

Axtell MJ, Westholm JO, Lai EC. 2011. Vive la difference: biogenesis and
evolution of microRNAs in plants and animals. Genome Biol. 12:221.

Barbash S, Shifman S, Soreq H. 2014. Global coevolution of human
microRNAs and their target genes. Mol Biol Evol. 31:1237-1247.

Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and func-
tion. Cell 116:281-297.

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions.
Cell 136:215-233.

Baskerville S, Bartel DP. 2005. Microarray profiling of microRNAs reveals
frequent coexpression with neighboring miRNAs and host genes. RNA
11:241-247.

Berezikov E. 2011. Evolution of microRNA diversity and regulation in an-
imals. Nat Rev Genet. 12:846-860.

Berezikov E, et al. 2006. Diversity of microRNAs in human and chimpanzee
brain. Nat Genet. 38:1375-1377.

Brenner S. 1974. The genetics of Caenorhabditis elegans. Genetics 77:
71-94.

Campo-Paysaa F, Semon M, Cameron RA, Peterson KJ, Schubert M. 2011.
microRNA complements in deuterostomes: origin and evolution of
microRNAs. Evol Dev. 13:15-27.

Chen CZ. 2013. An unsolved mystery: the target-recognizing RNA species
of microRNA genes. Biochimie 95:1663-1676.

Chen K, Rajewsky N. 2006. Natural selection on human microRNA binding
sites inferred from SNP data. Nat Genet. 38:1452-1456.

Chen K, Rajewsky N. 2007. The evolution of gene regulation by transcrip-
tion factors and microRNAs. Nat Rev Genet. 8:93-103.

Chen SC, Chuang TJ, Li WH. 2011. The relationships among microRNA
regulation, intrinsically disordered regions, and other indicators of pro-
tein evolutionary rate. Mol Biol Evol. 28:2513-2520.

Cheng C, Bhardwaj N, Gerstein M. 2009. The relationship between the
evolution of microRNA targets and the length of their UTRs. BMC
Genomics 10:431.

Christodoulou F, et al. 2010. Ancient animal microRNAs and the evolution
of tissue identity. Nature 463:1084—1088.

Cutter AD. 2008. Multilocus patterns of polymorphism and selection
across the X chromosome of Caenorhabditis remanei. Genetics 178:
1661-1672.

Cutter AD, Baird SE, Charlesworth D. 2006. High nucleotide polymor-
phism and rapid decay of linkage disequilibrium in wild populations
of Caenorhabdiitis remanei. Genetics 174:901-913.

Cutter AD, Dey A, Murray RL. 2009. Evolution of the Caenorhabditis
elegans genome. Mol Biol Evol. 26:1199-1234.

Cutter AD, Jovelin R, Dey A. 2013. Molecular hyperdiversity and evolution
in very large populations. Mol Ecol. 22:2074-2095.

de Meaux J, Hu JY, Tartler U, Goebel U. 2008. Structurally different alleles
of the ath-MIR824 microRNA precursor are maintained at high fre-
quency in Arabidopsis thaliana. Proc Natl Acad Sci U S A. 105:
8994-8999.

de Wit E, Linsen SE, Cuppen E, Berezikov E. 2009. Repertoire and evolution
of miRNA genes in four divergent nematode species. Genome Res. 19:
2064-2074.

Dey A, Jeon Y, Wang GX, Cutter AD. 2012. Global population genetic
structure of Caenorhabditis remanei reveals incipient speciation.
Genetics 191:1257-1269.

Doench JG, Sharp PA. 2004. Specificity of microRNA target selection in
translational repression. Genes Dev. 18:504-511.

Duan R, Pak C, Jin P. 2007. Single nucleotide polymorphism associated
with mature miR-125a alters the processing of pri-miRNA. Hum Mol
Genet. 16:1124-1131.

Ehrenreich IM, Purugganan MD. 2008. Sequence variation of
microRNAs and their binding sites in Arabidopsis. Plant Physiol. 146:
1974-1982.

Fahlgren N, et al. 2010. MicroRNA gene evolution in Arabidopsis lyrata and
Arabidopsis thaliana. Plant Cell. 22:1074-1089.

Farh KK, et al. 2005. The widespread impact of mammalian microRNAs on
mMRNA repression and evolution. Science 310:1817-1821.

Fay JC, Wu Cl. 2000. Hitchhiking under positive Darwinian selection.
Genetics 155:1405-1413.

Genome Biol. Evol. 6(11):3049-3063. doi:10.1093/gbe/evu239  Advance Access publication October 28, 2014 3061


-
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu239/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu239/-/DC1
http://www.gbe.oxfordjournals.org/
http://www.gbe.oxfordjournals.org/

Jovelin and Cutter

GBE

Felix MA, Braendle C, Cutter AD. 2014. A streamlined system for
species diagnosis in Caenorhabditis (Nematoda: Rhabditidae) with
name designations for 15 distinct biological species. PLoS One 9:
e94723.

Friggi-Grelin F, Lavenant-Staccini L, Therond P. 2008. Control of antago-
nistic components of the hedgehog signaling pathway by microRNAs
in Drosophila. Genetics 179:429-439.

Grimson A, et al. 2008. Early origins and evolution of microRNAs and Piwi-
interacting RNAs in animals. Nature 455:1193-1197.

Gruber AR, Lorenz R, Bernhart SH, Neubock R, Hofacker IL. 2008. The
Vienna RNA websuite. Nucleic Acids Res. 36:W70-W74.

Guo X, Su B, Zhou Z, Sha J. 2009. Rapid evolution of mammalian X-linked
testis microRNAs. BMC Genomics 10:97.

Hall TA. 1999. BioEdit: a user-friendly biological sequence alignment editor
and analysis program for Windows 95/98/NT. Nucleic Acids Symp Ser.
41:95-98.

Heimberg AM, Sempere LF, Moy VN, Donoghue PC, Peterson KJ. 2008.
MicroRNAs and the advent of vertebrate morphological complexity.
Proc Natl Acad Sci U S A. 105:2946-2950.

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc. 4:44-57.

Huang RS, et al. 2011. Population differences in microRNA expression and
biological implications. RNA Biol. 8:692-701.

Iwama H, Kato K, Imachi H, Murao K, Masaki T. 2013. Human microRNAs
originated from two periods at accelerated rates in mammalian evo-
lution. Mol Biol Evol. 30:613-626.

Jan CH, Friedman RC, Ruby JG, Bartel DP. 2011. Formation, regulation
and evolution of Caenorhabditis elegans 3'UTRs. Nature 4609:
97-101.

Jazdzewski K, et al. 2008. Common SNP in pre-miR-146a decreases
mature miR expression and predisposes to papillary thyroid carcinoma.
Proc Natl Acad Sci U S A. 105:7269-7274.

Jazdzewski K, et al. 2009. Polymorphic mature microRNAs from passenger
strand of pre-miR-146a contribute to thyroid cancer. Proc Natl Acad
Sci U S A. 106:1502-1505.

Jovelin R. 2009. Rapid sequence evolution of transcription factors control-
ling neuron differentiation in Caenorhabditis. Mol Biol Evol. 26:
2373-2386.

Jovelin R. 2013. Pleiotropic constraints, expression level, and the evolution
of miRNA sequences. J Mol Evol. 77:206-220.

Jovelin R, Ajie BC, Phillips PC. 2003. Molecular evolution and quantitative
variation for chemosensory behaviour in the nematode genus
Caenorhabditis. Mol Ecol. 12:1325-1337.

Jovelin R, Comstock JS, Cutter AD, Philips PC. 2014. A recent
global selective sweep on the age-7 PI3 kinase regulator of
the insulin-like signaling pathway within. Caenorhabditis remanei,
G3 (Bethesda) 4:1123-1133.

Jovelin R, Cutter AD. 2011. MicroRNA sequence variation potentially con-
tributes to within-species functional divergence in the nematode
Caenorhabdlitis briggsae. Genetics 189:967-976.

Jovelin R, Dunham JP, Sung FS, Phillips PC. 2009. High nucleotide diver-
gence in developmental regulatory genes contrasts with the structural
elements of olfactory pathways in Caenorhabditis. Genetics 181:
1387-1397.

Kim J, Bartel DP. 2009. Allelic imbalance sequencing reveals that single-
nucleotide polymorphisms frequently alter microRNA-directed repres-
sion. Nat Biotechnol. 27:472-477.

Kozomara A, Griffiths-Jones S. 2011. miRBase: integrating microRNA an-
notation and deep-sequencing data. Nucleic Acids Res. 39:
D152-D157.

Lee RC, Feinbaum RL, Ambros V. 1993. The C. elegans heterochronic gene
lin-4 encodes small RNAs with antisense complementarity to lin-14.
Cell 75:843-854.

Lenz D, May P, Walther D. 2011. Comparative analysis of miRNAs and
their targets across four plant species. BMC Res Notes 4:483.

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human genes
are microRNA targets. Cell 120:15-20.

Li J, et al. 2012. Evidence for positive selection on a number of microRNA
regulatory interactions during recent human evolution. PLoS Genet. 8:
€1002578.

Liang H, Li WH. 2009. Lowly expressed human microRNA genes evolve
rapidly. Mol Biol Evol. 26:1195-1198.

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis
of DNA polymorphism data. Bioinformatics 25:1451-1452.

Liu G, Min H, Yue S, Chen CZ. 2008. Pre-miRNA loop nucleotides control
the distinct activities of mir-187a-1 and mir-187c in early T cell devel-
opment. PLoS One 3:e3592.

Liu N, Okamura K, et al. 2008. The evolution and functional diversification
of animal microRNA genes. Cell Res. 18:985-996.

Loh YH, Yi SV, Streelman JT. 2011. Evolution of microRNAs and the di-
versification of species. Genome Biol Evol. 3:55-65.

LuJ, FuY, et al. 2008. Adaptive evolution of newly emerged micro-RNA
genes in Drosophila. Mol Biol Evol. 25:929-938.

Lu J, Shen Y, et al. 2008. The birth and death of microRNA genes in
Drosophila. Nat Genet. 40:351-355.

Lynch M, Force A. 2000. The probability of duplicate gene preservation by
subfunctionalization. Genetics 154:459-473.

Lyu'Y, et al. 2014. New microRNAs in Drosophila—Dbirth, death and cycles
of adaptive evolution. PLoS Genet. 10:21004096.

Marcinkowska M, Szymanski M, Krzyzosiak WJ, Kozlowski P. 2011. Copy
number variation of microRNA genes in the human genome. BMC
Genomics 12:183.

Meunier J, et al. 2013. Birth and expression evolution of mammalian
microRNA genes. Genome Res. 23:34-45.

Mohammed J, Flynt AS, Siepel A, Lai EC. 2013. The impact of age, bio-
genesis, and genomic clustering on Drosophila microRNA evolution.
RNA 19:1295-1308.

Nei M. 1987. Molecular evolutionary genetics. New York (NY): Columbia
University Press.

Neilsen CT, Goodall GJ, Bracken CP. 2012. IsomiRs—the overlooked
repertoire in the dynamic microRNAome. Trends Genet. 28:
544-549.

Nozawa M, Miura S, Nei M. 2010. Origins and evolution of microRNA
genes in Drosophila species. Genome Biol Evol. 2:180-189.

Nozawa M, Miura S, Nei M. 2012. Origins and evolution of microRNA
genes in plant species. Genome Biol Evol. 4:230-239.

Okamura K, Ladewig E, Zhou L, Lai EC. 2013. Functional small RNAs are
generated from select miRNA hairpin loops in flies and mammals.
Genes Dev. 27:778-792.

Okamura K, et al. 2008. The regulatory activity of microRNA* species has
substantial influence on microRNA and 3" UTR evolution. Nat Struct
Mol Biol. 15:354-363.

Plasterk RH. 2006. Micro RNAs in animal development. Cell 124:
877-881.

Quach H, et al. 2009. Signatures of purifying and local positive selection in
human miRNAs. Am J Hum Genet. 84:316-327.

Rockman MV, Kruglyak L. 2009. Recombinational landscape and
population genomics of Caenorhabditis elegans. PLoS Genet. 5:
€1000419.

Roux J, Gonzalez-Porta M, Robinson-Rechavi M. 2012. Comparative
analysis of human and mouse expression data illuminates tissue-
specific evolutionary patterns of miRNAs. Nucleic Acids Res. 40:
5890-5900.

Ruby JG, et al. 2007. Evolution, biogenesis, expression, and target predic-
tions of a substantially expanded set of Drosophila microRNAs.
Genome Res. 17:1850-1864.

3062 Genome Biol. Evol. 6(11):3049-3063. doi:10.1093/gbe/evu239 Advance Access publication October 28, 2014



Microevolution of Nematode miRNAs

GBE

Saunders MA, Liang H, Li WH. 2007. Human polymorphism at microRNAs
and microRNA target sites. Proc Natl Acad Sci U S A. 104:3300-3305.

Shen'Y, et al. 2011. Testing hypotheses on the rate of molecular evolution
in relation to gene expression using microRNAs. Proc Natl Acad Sci
U S A. 108:15942-15947.

Shi Z, Montgomery TA, Qi Y, Ruvkun G. 2013. High-throughput sequenc-
ing reveals extraordinary fluidity of miRNA, piRNA, and siRNA path-
ways in nematodes. Genome Res. 23:497-508.

Shin C, et al. 2010. Expanding the microRNA targeting code: functional
sites with centered pairing. Mol Cell. 38:789-802.

Stark A, Brennecke J, Bushati N, Russell RB, Cohen SM. 2005. Animal
microRNAs confer robustness to gene expression and have a signifi-
cant impact on 3'UTR evolution. Cell 123:1133-1146.

Tajima F. 1989. Statistical method for testing the neutral mutation hypoth-
esis by DNA polymorphism. Genetics 123:585-595.

Takuno S, Innan H. 2011. Selection fine tunes the expression of
microRNA target genes in Arabidopsis thaliana. Mol Biol Evol. 28:
2429-2434.

Tamura K, et al. 2011. MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and maximum par-
simony methods. Mol Biol Evol. 28:2731-2739.

Tang T, et al. 2010. Adverse interactions between micro-RNAs and target
genes from different species. Proc Natl Acad Sci U S A. 107:
12935-12940.

Trujillo RD, Yue SB, Tang Y, O'Gorman WE, Chen CZ. 2010. The potential
functions of primary microRNAs in target recognition and repression.
EMBO J. 29:3272-3285.

Wall JD. 1999. Recombination and the power of statistical tests of neu-
trality. Genet Res. 74:65-79.

Wang J, et al. 2011. Regulatory coordination of clustered microRNAs
based on microRNA-transcription factor regulatory network. BMC
Syst Biol. 5:199.

Watterson GA. 1975. On the number of segregating sites in genetical
models without recombination. Theor Popul Biol. 7:256-276.

Winter J, et al. 2013. Loop-miRs: active microRNAs generated from single-
stranded loop regions. Nucleic Acids Res. 41:5503-5512.

Wright S. 1951. The genetical structure of populations. Ann Eugen. 15:
323-354.

Yang JS, Lai EC. 2011. Alternative miRNA biogenesis pathways and the
interpretation of core miRNA pathway mutants. Mol Cell. 43:
892-903.

Yang JS, et al. 2011. Widespread regulatory activity of vertebrate
microRNA* species. RNA 17:312-326.

Yuan X, et al. 2009. Clustered microRNAs' coordination in regulating pro-
tein-protein interaction network. BMC Syst Biol. 3:65.

Yue SB, Trujillo RD, Tang Y, O'Gorman WE, Chen CZ. 2011. Loop nucle-
otides control primary and mature miRNA function in target recogni-
tion and repression. RNA Biol. 8:1115-1123.

Zeng K, Fu YX, Shi' S, Wu Cl. 2006. Statistical tests for detecting positive
selection by utilizing high-frequency variants. Genetics 174:
1431-1439.

Zhang R, Peng Y, Wang W, Su B. 2007. Rapid evolution of an X-linked
microRNA cluster in primates. Genome Res. 17:612-617.

Zheng GX, Ravi A, Gould GM, Burge CB, Sharp PA. 2011. Genome-wide
impact of a recently expanded microRNA cluster in mouse. Proc Natl
Acad Sci U S A. 108:15804-15809.

Associate editor: Cécile Ané

Genome Biol. Evol. 6(11):3049-3063. doi:10.1093/gbe/evu239  Advance Access publication October 28, 2014 3063



