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Letter

Repertoire and evolution of miRNA genes
in four divergent nematode species

Elzo de Wit,'> Sam E.V. Linsen,'> Edwin Cuppen,'-** and Eugene Berezikov'**
"Hubrecht Institute-KNAW and University Medical Center Utrecht, Cancer Genomics Center, Utrecht 3584 CT, The Netherlands;

?InteRNA Genomics B.V., Bilthoven 3723 MB, The Netherlands

miRNAs are ~22-nt RNA molecules that play important roles in post-transcriptional regulation. We have performed
small RNA sequencing in the nematodes Caenorhabditis elegans, C. briggsae, C. remanei, and Pristionchus pacificus, which have
diverged up to 400 million years ago, to establish the repertoire and evolutionary dynamics of miRNAs in these species. In
addition to previously known miRNA genes from C. elegans and C. briggsae we demonstrate expression of many of their
homologs in C. remanei and P. pacificus, and identified in total more than 100 novel expressed miRNA genes, the majority of
which belong to P. pacificus. Interestingly, more than half of all identified miRNA genes are conserved at the seed level in all
four nematode species, whereas only a few miRNAs appear to be species specific. In our compendium of miRNAs we
observed evidence for known mechanisms of miRNA evolution including antisense transcription and arm switching, as
well as miRNA family expansion through gene duplication. In addition, we identified a novel mode of miRNA evolution,
termed “hairpin shifting,” in which an alternative hairpin is formed with up- or downstream sequences, leading to shifting
of the hairpin and creation of novel miRNA* species. Finally, we identified 2IU-RNAs in all four nematodes, including
P. pacificus, where the upstream 2IU-RNA motif is more diverged. The identification and systematic analysis of small RNA
repertoire in four nematode species described here provides a valuable resource for understanding the evolutionary
dynamics of miRNA-mediated gene regulation.

[Supplemental material is available online at http:// www.genome.org. The sequencing data from this study have been
submitted to Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSEI5169. The novel
miRNA sequences identified in this study have been submitted to miRBase under accession nos. MI0010974-MI0011250.]

miRNAs are small ~22-nucleotide noncoding RNAs that function
as post-transcriptional regulators in plants and animals. They are
implicated to play roles in diverse processes ranging from de-
velopment and tumorigenesis to neurological and cardiac diseases
(Carrington and Ambros 2003; Croce and Calin 2005; Bilen et al.
2006; Plasterk 2006; Thum et al. 2007; Stefani and Slack 2008).
miRNA silencing is effectuated by Watson-Crick base pairing of
the miRNA to the 3’ untranslated region (UTR) of an mRNA,
thereby preventing the onset of translation, causing degradation
of the messenger RNA and potential inhibition of translational
elongation (Filipowicz et al. 2008; Gu et al. 2009).

miRNA genes are mainly transcribed by RNA polymerase 1I,
producing a primary (pri)-miRNA that is capped, polyadenylated,
and spliced (Lee et al. 2002, 2004). The processing of miRNA genes
depends on their secondary structure, and the stable hairpin
structure of the pre-miRNA is the clearest characteristic of miRNA
transcripts. The majority of miRNA genes are processed in the
nucleus by the microprocessor complex consisting of the proteins
RNASEN (also known as Drosha) and DGCRS8 (Lee et al. 2003;
Gregory et al. 2004; Han et al. 2004). The 50-80-nt Drosha product
(pre-miRNA) is exported to the cytoplasm and subsequently pro-
cessed by the enzyme Dicer (Bernstein et al. 2001; Lee et al. 2002).
A minority of the miRNAs, called mirtrons, do not require Drosha
processing and instead are produced from intronic hairpins that
are formed after splicing of protein-coding genes (Berezikov et al.
2007; Ruby et al. 2007a).
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After Dicer processing, one of the two arms of the miRNA
duplex is loaded into the RNA induced silencing complex (RISC).
Incorporation of either of the strands depends on the thermo-
dynamic stability of the 5’ region of the miRNA in the duplex
(Khvorova et al. 2003; Schwarz et al. 2003). The nonincorporated
miRNA* species is subsequently degraded. Targeting of miRNAs to
the 3" UTR of mRNAs depends on RISC, which mediates the im-
perfect base pairing of miRNAs to mRNAs (Lai 2002; Filipowicz
2005). Nucleotides 2-7 of mature miRNAs, known as the “seed
region,” are the primary determinants of miRNA target recognition
(Lewis et al. 2003; Bartel 2009), and the target sites in 3’ UTRs are
often conserved between species (Lewis et al. 2003; Stark et al.
2003) and lie in thermodynamically open structures (Kertesz et al.
2007; Hammell et al. 2008).

miRNAs are highly conserved throughout the animal kingdom
(Wheeler et al. 2009), with miR-100 as an extreme example being
conserved among eumetazoa (Grimson et al. 2008). Computational
and cloning efforts have boosted the discovery of novel miRNAs
(Berezikov et al. 2006a). Since the number of predicted hairpins from
genomic sequences greatly exceeds the number of true miRNAs
(Pervouchine et al. 2003; Bentwich 2005), a hairpin alone is not
sufficient for the identification of a novel miRNA. Identification of
novel miRNA has focused mainly on two methods. First, the power
of comparative genomics data has been used to identify novel
miRNA genes (Berezikov et al. 2005; Xie et al. 2005; Stark et al. 2007)
due to the higher level of conservation of miRNA hairpins compared
to non-miRNA hairpins. Second, the advent of high-throughput
sequencing methods has facilitated the rapid cloning and se-
quencing of large numbers of small RNAs. Combining both
methods allows for the most robust identification of miRNAs.

The first miRNAs were discovered by forward genetics ap-
proaches in the nematode Caenorhabditis elegans (Lee et al. 1993).
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Since then, the availability of a reference genome in combination
with experimental and computational approaches has resulted in
the description of 155 miRNAs in this species (Griffiths-Jones et al.
2008). Since recently, the C. briggsae and C. remanei genomes are
available as well (Kiontke and Fitch 2005), allowing for similar
approaches. Within this group, C. briggsae and C. remanei are sister
species and C. elegans represents an outgroup. The evolutionary
distance between C. elegans and C. briggsae and C. remanei is esti-
mated to be about 100 million years (Myr) (Stein et al. 2003). While
C. remanei reproduces gonochoristically, both C. briggsae and
C. elegans reproduce in a hermaphroditic fashion, which likely
evolved independently in both species (Kiontke et al. 2004). The
genome size of C. elegans and C. briggsae is ~100 Mb, whereas the
genome of C. remanei is ~140 Mb. The natural habitat for these
species is compost or garden soil, where they feed on microor-
ganisms (Kiontke and Sudhaus 2006). A fourth species for which
genomic sequence information is available is Pristionchus pacificus,
a necromenic nematode, which had a last common ancestor with
the Caenorhabditis species 280-430 Myr ago (Dieterich et al. 2008).
Although genomic contigs are not completely assembled yet, its
genome size is considerably larger than that of C. elegans.

In this study we have sequenced and analyzed small RNAs
from these four species. We found that within the Caenorhabditis
genus the majority of miRNAs are conserved between species,
while P. pacificus miRNAs show a decreased level of conservation.
In addition, we show that between species, a change of the dom-
inantly expressed miRNA arm, a process known as arm switching
(Liu et al. 2008), is a common mechanism. Antisense transcription
of miRNA loci (Ruby et al. 2007b) is observed for three miRNAs in
our data set, and this process could lead to novel miRNAs as well.
Finally, we have identified a new mechanism of formation of novel
miRNAs, called hairpin shifting, in which a novel up- or down-
stream hairpin relative to the mature miRNA is formed, leading to
shifting of the miRNA from the 5’ arm to the 3’ arm, or vice versa.
This process of hairpin shifting creates a novel miRNA* species,
which opens a way for formation of novel miRNA sequences via
the process of arm switching during subsequent evolution. Our
results provide a valuable resource for understanding of miRNA
evolution as well as for studying miRNA-based regulatory mecha-
nisms.

Results

Sequencing of small RNAs from four nematode species

Recent sequencing of the genomes of several nematode species
provides the basis for systematic investigation of evolutionary
processes occurring over long evolutionary periods within the
nematode clade. We have used an established small RNA cloning
approach (Berezikov et al. 2006a) and 454 Life Sciences (Roche)
sequencing technology to investigate the composition of small
RNAs in three Caenorhabditis species (C. elegans, C. briggsae, and C.
remanei) and in the necromenic nematode Pristionchus pacificus.
Approximately 160,000, 41,000, 32,000, and 29,000 alignable
small RNA reads were generated for the respective species (Table 1).
Primary analysis of the obtained sequencing data was performed
by the miR-Intess software (see Methods for details), which pro-
vides annotation of small RNA reads as well as identification of
novel miRNA candidate genes. In the identification process, the
software distinguishes between confident and candidate miRNA
genes (see Methods for details on the classification).

Table 1. Composition of the small RNA libraries

No. of reads

Category C. elegans C. briggsae C. remanei P. pacificus
miRBase miRNAs 143,092 30,247 24,839 17,3822
Novel miRNAs 6 2203 2978 4781
Candidate miRNAs 59 5918 317 2119
rRNA 7335 829 0P 856
tRNA 1405 231 ob ob
Other ncRNA 218 oP ob oP
siRNA 3291 402 253 19
senseRNA 1095 127 111 13
Repeats 708 192 ob 86
21U 1609 oP o° o°
Rest 1454 1729 3945 4637
Total 160,272 41,878 32,443 29,893

?Including clear homologs of C. elegans miRBase miRNAs.
bBased on available genome annotations.

In all four species the largest fraction of small RNA reads cor-
responds to known miRBase miRNAs (or clear miRBase homologs
in the case of C. remanei and P. pacificus) and varies from 89% in
C. elegans and 74% in C. briggsae to 77% in C. remanei and 58%
in P. pacificus. In addition, 5%, 9%, and 16% of the small RNA reads
in C. briggsae, C. remanei, and P. pacificus, respectively, correspond to
confident novel miRNAs (see below), bringing the total fraction of
miRNA reads in all libraries close to or above 80% of the reads. Be-
side miRNAs, small RNAs corresponding to rRNA, tRNA, snoRNA,
repeats, 21U, and sense—as well as antisense—to protein-coding
regions, were observed. However, the fraction of reads correspond-
ing to these categories does not exceed several percent (max 5% for
rRNA in C. elegans). Since we rely on genome annotations for the
classification of small RNAs to various non-miRNA categories, some
of the reads corresponding to these categories might not be recog-
nized as such in species other than C. elegans due to incomplete
genome annotations. However, there is no substantial influence on
the analysis of the miRNA fraction, as only a small percentage of the
reads are affected by these potential gaps in the annotations.

Identification of known and novel miRNA genes

The miRNA repertoire of C. elegans has been extensively studied in
a number of (deep)-sequencing efforts (Lau et al. 2001; Lee and
Ambros 2001; Ruby et al. 2006), and currently, 155 miRNA loci are
reported for C. elegans in miRBase (v.12). We have found experi-
mental support for 112 of these miRBase miRNAs in our se-
quencing data (Supplemental Table 1). Some of the C. elegans
miRBase miRNAs missing in our study could be explained by the
limited coverage depth of our sequencing data (~160,000 reads).
However, 14 miRNAs that were not picked up in our sequencing
effort (i.e.,, miR-256, miR-261, miR-264-miR-273, miR-356, miR-
1021), were also missed by a much deeper sequencing effort
(Batista et al. 2008) (GSE11734, ~20 million aligned reads) and
some of them (mir-261, mir-267, mir-271) do not show detectable
promoter activity (Martinez et al. 2008), and thus, likely do not
represent genuine miRNAs. Notably, increasing sequencing cov-
erage more than 100-fold allows identification of only 17 addi-
tional miRBase miRNAs (GSE11734, data not shown), indicating
that our data is sufficient to capture the vast majority of bona fide
miRNAs and gives us confidence that a comprehensive indexation
of miRNAs can be made in C. briggsae, C. remanei, and P. pacificus
based on these data.
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Table 2. miRNA component of the small RNA libraries

No. of cloned loci

Category C. elegans C. briggsae C. remanei P. pacificus

miRBase miRNAs 112 87 0 0

Homologs of miRBase 0 28 99 33
miRNAs

Novel miRNAs 1 15 10 91

Candidate miRNAs 12 22 40 96

Noncloned miRBase 45 11 0 0
miRNAs

No. of families® 21 26 26 25

No. of clusters® 10 14 9 30

?miRNAs with the same seed sequence.
®miRNAs located within 1 kb from each other in the genome.

Since C. elegans small RNAs have already been sequenced to
extensive depth in a number of previous studies (Lau et al. 2001;
Lee and Ambros 2001; Ruby et al. 2006), in our data set we iden-
tified only one novel confident miRNA gene and 12 miRNA can-
didates (Table 2). At the same time, in the less-studied worm C.
briggsae we identified 87 miRNAs present in miRBase, 28 miRNAs
not annotated in miRBase but with clear homology with C. elegans
miRBase miRNAs, 15 confident novel miRNA genes, and 22
miRNA candidates. For C. remanei and P. pacificus there are no
annotated miRNA sequences present in the current version of
miRBase (v.12). Our analysis revealed 99
and 33 clear miRBase homologs that are

novel miRNAs—are conserved at the seed-sequence level in all
four examined species (Fig. 1), although only 15 miRBase miRNAs
are cloned in all four species (Supplemental Tables 5,6). Applying
the same homology-searching approach to randomly selected C.
elegans hairpins that possess all miRNA-like properties yielded two
times less conserved loci between C. elegans and P. pacificus com-
pared with genuine miRNAs, further demonstrating the specificity
of using seed conservation for identification of miRNA homologs.
Plotting the average miRNA conservation profiles between C. ele-
gans and other species separately for miRNAs with 5'- and 3'-arm
mature sequences reveals the characteristic bimodal distribution of
miRNA conservation profiles and the seed conservation tendency,
which is most prominent in C. elegans/P. pacificus comparisons
(Supplemental Fig. 2). While conservation of seed sequences and
hairpin structures suggests that our computational approach
identifies genuine miRNA homologs in other species, experimen-
tal evidence for expression of mature miRNAs from these homo-
logs will be required for definitive miRNA classification.

The number of miRNAs that appear to be species specific is
relatively small in the Caenorhabditis species (seven in C. elegans,
eight in C. briggsae, and one in C. remanei), but it is more sub-
stantial in P. pacificus (30 miRNAs), which is in accordance with
greater evolutionary divergence of this species. Species-specific
miRNAs have most likely emerged in the specific lineages rather
than lost in all other lineages, which allows estimation of miRNA
gene fixation rate. Given the estimated 80-110 Myr divergence
time between C. elegans and C. briggsae (Hillier et al. 2007) and

expressed in C. remanei and P. pacificus, A
respectively. In addition, 10 and 91 novel

conservation

Number of reads (miRBase / Novel)
C.elegans C.briggsae C.remanei P. pacificus

Number of loci
miRBase Novel

miRNAs and 40 and 96 miRNA candi- CBRI_CREM 83/715 8/1020 2 7
. e . CBRI_CREM_PPAC 07 4/629  206/388 2 8
dates were identified in these species, re- CBRILONLY 7311223 2 6
spectively (Table 2; Supplemental Tables CBRI_PPAC 0/30 11133 1 5
: : CEL_CBRI 3210 28/0 3 0
2-4). To validate the sequencing results CEL_CBRI_CREM 2236300 113241202 9814/712 29 2
we have performed Northern blot analy- CEL_CBRI_CREM_PPAC  115138/6  23826/28  19839/5 14128/1366 M5 17
; : : CEL_CBRI_PPAC 670/0 10/6 0/80 4 6
sis on 19 miRNAs candidates that were CEL_CREM 2410 ) 0
selected randomly from all species (Sup- CEL_CREM_PPAC 48210 19210 47781272 7 6
. - CEL_ONLY 534110 7 0
plemental Table 15), with the.exceptlon CEL PPAC 1610 1817167 3 5
of C. elegans. We observed distinct bands CREM_ONLY 0/8 0 1
; CREM_PPAC 0/91 0/967 02
a‘round 2.2 n.t in 17 cases (Supplemental PPAC ONLY 011914 PO
Fig. 1), indicating that 89% could be
validated by a sequencing-independent B
method.
CBRI CREM
CEL PPAC

miRNA conservation patterns

Generally, the most strongly conserved
part of a miRNA corresponds to its seed
region (nucleotides 2-7 of mature
miRNA), which is the dominant de-
terminant in recognition of miRNA tar-
gets (Bartel 2009). To identify conserva-
tion levels of all identified miRNAs
regardless of their small RNA-cloning ev-
idence in different species, we performed
genome-wide searches requiring conser-
vation of the seed sequence in addition
to the presence of a hairpin with an
RNAforester score above 0.3 (see Meth-
ods). Using these criteria, the largest
fraction of miRNAs—115 miRBase and 17

&L

Figure 1. miRNA conservation and cloning frequencies in four nematodes. (A) miRNAs were divided
based on whether they were conserved between species (i.e., CEL_CBRI_CREM means conserved be-
tween C. elegans, C. briggsae, and C. remanei, but not in P. pacificus). Columns show the number of reads
for these loci, stratified by whether they map to known miRBase or novel miRNAs. Last two columns
indicate how many loci are either known miRBase miRNAs or novel miRNAs. (B) Venn diagram for
the number of miRNA loci in different conservation groups. (CEL) C. elegans; (CBRI) C. briggsae; (CREM)
C. remanei; (PPAC) P. pacificus.
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280-430 Myr between C. elegans and P. pacificus (Dieterich et al.
2008), the miRNA birth rate appears to be similar in the different
nematode branches and is in the range of one miRNA born per
9-16 Myr. This is about 10 times lower than observed for the dis-
tantly related Drosophila species (estimated one gene per 1 Myr) (Lu
et al. 2008). Estimates on the rates of miRNA gene birth should be
taken with some care, as miRNA discovery may still not be fully
exhausted in nematodes. For example, in our data set there are 12
C. elegans miRNA candidates that were not taken into account for
calculating the birth rate because of their limited experimental
support, but many of them could be genuine miRNAs. Indeed, our
reanalysis of the large C. elegans small RNA data set GSE11734
(Batista et al. 2008) identified more than 30 additional confident
miRNAs in C. elegans, 20 of which appear to be species specific
(data not shown), supporting the notion that there are numerous
nonconserved miRNAs expressed at low levels that require large
sequencing depth for their identification (Berezikov et al. 2006b).
However, even when considering these additional novel non-
conserved candidate miRNAs in C. elegans miRNAs, the miRNA
birth rate in the nematodes would still appear to be three- to
fourfold lower than in the Drosophila species.

Comparison of miRNA expression levels between species is
complicated by the fact that our small RNA datasets were generated
from mixed-stage populations, which may introduce substantial
biases. However, we do see a good correlation between expression
levels for high- and medium-expressed miRNAs, with miRNAs
highly expressed in one species also expressed at high levels in
other species (Supplemental Fig. 3). Similar to previous studies
(Berezikov et al. 2006b), we also observe that less-conserved miRNAs
tend to be expressed at lower levels.

Extensive analysis of miRNA expression patterns in C. elegans
based on promoter reporters has become available recently (Martinez
et al. 2008), allowing comparison of mRNA conservation levels
with their tissue specificity. We have used information on miRNA
conservation between C. elegans and P. pacificus to test whether
there are any biases toward preferential expression of conserved
or nonconserved miRNAs in certain C. elegans tissues, but have not
found any statistically significant differences (data not shown).

3’ Arm bias in nematode miRNAs

After hairpin processing by Dicer, a small RNA from either the 5’ or
the 3’ arm of the hairpin is loaded into RISC. Which of the two
arms ultimately supplies the mature miRNA depends on the
thermodynamic properties of the intermediate RNA duplex. The
strand with the lowest 5’ stability in the duplex is incorporated
into RISC (Khvorova et al. 2003; Schwarz et al. 2003). We found
that in all four investigated nematode species there are more
miRNA genes with the mature miRNA located in the 3’ arm of the
hairpin (2.1-3.3-fold increase, Fig. 2A).

We extended the analysis of arm bias beyond the nematode
clade by calculating the arm bias for species that have more than
50 entries in miRBase (v.12.0). We found that in Drosophila mela-
nogaster and D. pseudoobscura, and in plants, there is also a bias for
the mature miRNA originating from the 3’ arm (Supplemental Fig.
4). In vertebrates, however, the majority of the species show 5’ arm
bias. These results suggest the trend in arm bias is similar between
related species but can vary considerably in more distant species,
which could be indicative of subtle changes in miRNA processing.

To further investigate the differences between 5’ dominant
and 3’ dominant miRNA hairpins we separately calculated ther-
modynamic profiles for miRNAs originating from different arms of
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Figure 2. Arm bias and thermodynamic profiles. (A) Barplot showing
the arm of origin for the mature and miRNA* sequences for all four species.
Grouping of 5" mature miRNA and 3" miRNA* species and vice versa, re-
flects that they originate from the same precursor. Numbers above the
bars indicate the fold enrichment of 3’ mature over 5’ mature. (B) Ther-
modynamic profiles for mature miRNAs originating from either the 3’ or 5’
arm. Secondary structures were calculated with mfold (Zuker 2003) and
AG values extracted for single nucleotides. Positive AG values denote in-
stability in the miRNA hairpin. The red bar identifies the starting nucleo-
tide of the miRNA, the blue bars the rest of the canonical 22-nt miRNA.

the hairpins using mfold (Zuker 2003). We averaged the profiles of
5" dominant and 3’ dominant miRNAs for each species. In Figure
2B we show the thermodynamic profiles for C. elegans miRNA
precursors, which is representative for all species (Supplemental
Fig. 5). Both 5’ dominant and 3’ dominant miRNA hairpins show
high stability at the 3’ end of the mature miRNA and have a region
of lower stability overlapping with the middle of the miRNA.
Overall, miRNAs originating from the 5’ arm have a more strongly
defined thermodynamic profile, and the first nucleotide in the
miRNA overlaps with a very unstable region in the hairpin, in
concordance with the mechanism put forward by Khvorova et al.
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(2003). Surprisingly, miRNAs from the 3’ arm do not show a strong
instability at the first nucleotide, suggesting that additional, yet
undetermined factors, might contribute to the selection of mature
miRNA strand.

miRNA evolution mechanisms

It has recently been demonstrated that miRNA* species can be
physiologically relevant. In Drosophila a substantial number of
miRNA* species are well conserved, can be loaded into RISC, and can
regulate expression of the target genes (Okamura et al. 2008). It has
been suggested that acquisition of biological function by miRNA*
species is a way of evolutionary diversification of miRNAs, and that
it preferentially acts on duplicated miRNA genes. A number of
miRNA families that have undergone transition from miRNA* to
mature sequences (arm switching) or are still in the process of
switching, have been identified (Liu et al. 2008). In our nematode
small RNA data set there are 172 miRNAs for which both mature
and star sequences have been cloned, allowing investigation of
miRNA:miRNA* ratios. We have found several examples that sup-
port the arm-switching model of miRNA evolution (Supplemental
Table 7). Specifically, for mir-246 the 3’ arm is dominant in C.
elegans (5'/3' read ratio: 3/22) and C. briggsae (5'/3’ read ratio: 2/
10), but in C. remanei there are more reads cloned from the 5’ arm
(Fig. 3; 5'/3' read ratio: 19/4). For these miRNA loci, the miRNAs
from the 5’ arm belong to one family and the miRNAs from the 3’
arm belong to one family. Notably, there are two copies of the mir-
246 gene present in the current C. remanei genome assembly,
whereas only one copy is present in C. elegans and C. briggsae ge-
nomes. This observation supports the hypothesis that miRNA gene
duplication might be a prerequisite for arm switching.

Expansion of the miRNA repertoire through gene duplication
is a known mechanism, e.g., the mir430 family has more than 70
members in zebrafish, and the MIRLET7 (let-7) family consists of
11 members in human (Griffiths-Jones et al. 2008). One of the

A
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most extreme examples of such expansion events observed in our
nematode small RNA data set is the miRNA family defined by the
seed sequence [UAJAUGACA. In the Caenorhabditis genus this
family has only five copies (mir-63-mir-66 and mir-229 in C. ele-
gans), butin P. pacificus it has expanded to encompass 16 members
in multiple clusters (Supplemental Fig. 6). This once more con-
solidates the importance of miRNA gene duplication in the evo-
lution of miRNAs.

The above-described mechanisms of miRNA evolution (du-
plication and arm switching) can result in the generation of novel
miRNAs, with the retained miRNA always residing on the original
arm. Intriguingly, however, upon studying miRNA families, we
identified family members that originated from different arms of
the hairpins (Fig. 4). We therefore studied all mature miRNAs
that differ only in 3 or 4 nucleotides of sequence. We found 15
families in which the member miRNAs do not originate from the
same arm of the hairpin (Supplemental Table 8). This would sug-
gest a mechanism whereby an up- or downstream genomic region
of the original hairpin mutates so that a novel hairpin can be
formed (Fig. 4). This process of “hairpin shifting” would lead to the
mature miRNA being expressed from the other arm of the hairpin
and, more importantly, the emergence of a novel miRNA* se-
quence, which could ultimately give rise to a novel miRNA via the
mechanisms discussed above. We found cloning evidence for for-
mation of such novel miRNA* sequences in eight of the 15 families
(Supplemental Table 8). Although a novel miRNA could spuriously
gain the same seed as an already known miRNA family, the high
degree of conservation between certain hairpin shifted miRNAs
and the sheer number of miRNAs that show hairpin shifting argues
against a coincidental event. Rather, it suggests a novel mechanism
of miRNA evolution.

Another further way of evolving new miRNA function is so-
called seed shifting, in which the mature sequence of a given
miRNA is moved one or several nucleotides relative to its orig-
inal position. Seed shifting has been recently observed when

-0

SCCCEeeeeetee

TCATGTAATATCT

Figure 3. Arm-switching model of miRNA evolution. (A) Schematic representation of arm switching. In one miRNA hairpin, the 3’ arm provides the
mature miRNA. In a slightly modified hairpin, the mature miRNA is the one that comes from the 5" arm. (B) An example of arm switching. According to our
cloning data, the duplicated loci of mir-246 in C. remanei express the 5’ arm as mature miRNAs, whereas this locus in C. briggsae expresses the 3’ arm as

mature miRNA.
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Figure 4. Hairpin shifting model of miRNA evolution. (A) Schematic representation of hairpin shifting. If the hairpin shifts in the 3’ direction, the 3" arm
of the existing hairpin becomes the 5" arm of the new hairpin. With this new assembly, the original 5’ arm is lost and potentially a new 3" arm miRNA is
born. A similar mechanism shifts the hairpin in the 5’ direction. (B) In C. elegans, the first 5" 15-nt miR-63 and miR-65 are identical; however, miR-63
originates from the 3’ arm, whereas miR-65 originates from the 5’ arm. Further divergence may have led to the birth of mir-66 and miRNA stars that are also
detected from the mir-65/66 loci. Gray planes highlight identical sequence. (C) Intermediates of shifted hairpins are present alongside miRNA loci. C.
briggsae cbr-mir-71 and C. remanei crm-mir-2229 are highly similar, but arise from different arms. Their common ancestry is confirmed by the observation
that the 5’ flank as well as the 3’ flank of C. briggsae mir-71 can fold into a stable hairpin, as indicated by “alternative seq” and “alternative hp.”

comparing miRNAs from greatly diverged species (Grimson et al.
2008; Wheeler et al. 2009). Many miRNA genes in our data set
have reads with varying 5’ start positions, as is customary for small
RNA deep-sequencing data. However, when cloned orthologous
miRNAs were compared with known miRNAs from C. elegans, the
most abundant read sequence had the same 5’ start sites in all
species except for one case. However, there are eight C. elegans
miRBase miRNAs that can be grouped with the most abundant
read sequence from our data set based on shifted seeds (nucleotides
2-8) (Supplemental Table 13), indicating that duplication precedes
seed divergence during evolution of miRNA genes.

In Drosophila it has been shown that miRNA loci can be
transcribed from both strands (Ruby et al. 2007b), giving rise to
two independent miRNAs. In our small RNA set we found that the
mir-66 locus in C. elegans produced unique miRNAs from both
strands. In addition, we find that the homolog of chr-mir-356 in C.
remanei is cloned from the antisense strand and not from its sense
strand. These two examples show the existence of antisense tran-
scription of miRNA genes in nematodes and represent an addi-
tional mechanism that may contribute to the genesis and evolu-
tion of miRNAs.

Evolution of 2IlU-RNAs

21U-RNAs are a class of small RNAs (Ruby et al. 2006) that repre-
sent piRNAs in C. elegans (Batista et al. 2008; Das et al. 2008; Wang
and Reinke 2008). The vast majority of these small RNAs starts with
a uracil and are 21-nt long. In C. elegans the 21U-RNA genes are
predominantly located on chromosome IV and are characterized
by a specific upstream motif (Ruby et al. 2006). We used our small
RNA data to independently derive this motif and applied it for
annotation of 21U-RNAs in our small RNA reads (see Methods). We

have identified 705 21U-RNAs in C. elegans (Supplemental Table 9),
699 of which were described previously (Ruby et al. 2006; Batista
et al. 2008). By applying the same methodology on the small RNA
datasets from the other nematodes, we found that the motif is also
present upstream of a number of small RNAs in these species,
confirming earlier predictions of the presence of 21U-RNAs in
other nematode species. In C. briggsae, C. remanei, and P. pacificus
we have identified 250, 1314, and 1123 21U-RNAs, respectively
(Supplemental Tables 10-12). In agreement with genomic com-
parisons described by Ruby et al. (2006), none of these small RNAs
were conserved across these four species. The 21U-RNA motif
shows only subtle differences between the Caenorhabditis species,
suggesting a high level of conservation (Fig. 5A). However, in P.
pacificus the motif is more strongly diverged, with only conserva-
tion in the GTTTCA core motif and the upstream location of the
motif (data not shown), hinting at mechanistic conservation.

A striking feature of C. elegans 21U-RNA genes is their geno-
mic distribution in two megabase-sized clusters on chromosome
IV. When we study the 21U-RNA motif distribution in C. briggsae
we also found these clusters on chromosome IV. In addition,
however, we also found large clusters on the telomeric side of
chromosome III (0-0.3 Mb) and on chromosome I (7.8-9.5 Mb,
Supplemental Fig. 7). In C. remanei we found 46 contigs that are
significantly enriched for 21U-RNA motifs. To study genomic
conservation of 21U-RNA clusters, we determined whether regions
on large C. remanei contigs (>100 kb) that are enriched for 21U-
RNA motifs were syntenic with 21U-RNA clusters in C. elegans and
C. briggsae. Although we found considerable rearrangement within
the 21U-RNA clusters, when we compared C. remanei and C. ele-
gans, we found that for 85% of the contigs that are enriched for
21U-RNA motifs the amount of sequence that is syntenic with
a 21U-RNA cluster exceeds the background frequency. Between C.
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remanei and C. briggsae, 89% of the contigs that are enriched for
21U-RNA motifs are syntenic with 21U-RNA clusters. As noted
previously (Ruby et al. 2006), our results show that within the
Caenorhabditis clade the 21U-RNA clusters are highly conserved.
The distribution of 21U-RNA motifs in P. pacificus is remark-
ably different from the Caenorhabditis species (Supplemental Fig.
7D). Although predicted 21U-RNA motifs are also clustered in P.
pacificus, these clusters are much smaller and more widespread than
the Caenorhabditis clusters. This is reflected in the total amount of
contig sequence that is significantly enriched for 21U-RNA motifs,
which amounts to 55 Mb, or nearly one-third of the genome. This is
in stark contrast to the 19 Mb of enriched contig sequence for C.
remanei or one-fifth of the genome. The conservation of 21U-RNA
biology and its mechanisms over 400 Myr of evolution suggests its
importance in physiological processes. At the same time, our data
also shows that the genomic distribution of 21U-RNA genes has
substantially diverged since the last common ancestor.

Discussion

In this study we describe cloning, sequencing, and analysis of
small RNAs in four species of nematodes. For C. briggsae, C. remanei,
and P. pacificus, no small RNA sequencing data have been previ-
ously documented. In all species the most abundant type of small
RNA in our sequencing libraries is the miRNA, although it should
be noted that our cloning strategy relies on the presence of 5’
monophosphates in RNA molecules and small RNAs with other 5’
modifications are not efficiently cloned by our approach. In ad-
dition to confirming the majority of C. elegans miRNAs from
miRBase, we also experimentally identified 160 miRBase homologs
that were not yet described in other species. Furthermore, we dis-
covered 117 novel miRNA genes with high confidence, 91 of
which were found in P. pacificus.

The resulting miRNA inventory was used to study the prin-
ciples behind miRNA evolution in the nematode lineage. Our data
have provided examples of all previously described mechanisms
of emergence of novel miRNAs, including gene duplication, anti-
sense transcription, arm switching, and seed shifting. Further-
more, we describe a novel emergence mechanism that we name
hairpin shifting. In arm switching the once dominant arm of the
miRNA is gradually replaced by the small RNA that originates from
the other miRNA* arm. We found numerous such examples where
the miRNA* has become the dominant species of miRNA. In many
cases miRNA* sequences are also conserved at the seed level, sug-
gesting their functional load. Our observations are in agreement
with recent experiments in Drosophila, which provided experimen-
tal support for the importance of the miRNA* sequence (Okamura
et al. 2008).

Antisense transcription is the second mechanism by which
miRNAs can diverge. It has been described previously that miRNA
loci can be transcribed from both strands to form mature miRNAs
(Ruby et al. 2007a; Tyler et al. 2008). We found one locus that
produced putative miRNAs from both directions and one locus
that only produced an antisense miRNA to a known miRNA.

The third and novel mechanism of miRNA evolution that we
describe is hairpin shifting. We suggest this process to explain the
observation that within a set of highly similar mature miRNAs
both the 5" arm and the 3’ arm of the hairpin have been observed
as the arm of origin for the mature miRNA. All of these cases were
experimentally supported by the cloning of different miRNA* se-
quences from the same locus in different species. Since expansion
of a miRNA family is generally mediated via gene duplication, the

arm of origin for a miRNA is not expected to change, which is
indeed the case for most miRNA families. Our results, however,
indicate that for some families duplicated genes evolve indepen-
dently, most likely by mutational events in the up- or downstream
sequences, for 5’ or 3' arm miRNAs, respectively. This process
could give rise to a novel hairpin, and shifting will occur when this
hairpin is thermodynamically more favorable than the original
hairpin. The importance of this mechanism in light of miRNA
evolution is that it leads to the generation of a new miRNA* se-
quence. Combined with arm switching, this might ultimately lead
to the generation of new mature miRNAs.

We propose that the processes of duplication, arm switching,
hairpin shifting, and antisense transcription can act sequentially
in various permutations, making miRNA evolution a highly dy-
namic process. It is generally assumed that given the large number
of hairpins in eukaryotic genomes (Pervouchine et al. 2003;
Bentwich 2005), new miRNAs arise from the spurious expression
of one of these hairpins. When the regulation by such a novel
miRNA provides a selective advantage, this eventually leads to the
“locking” of the miRNA and the target. From this point onward the
miRNA will expand its target spectrum and its expression will be
increased (Chen and Rajewsky 2007). Although this is an attractive
model, miRNA evolution through duplication, arm switching, and
hairpin shifting has the benefit of already having a complete
framework for transcriptional regulation in place. Furthermore,
successive rounds of arm switching combined with hairpin shift-
ing and/or antisense transcription may produce miRNA genes that
do not share seeds with any other miRNA and would therefore be
indistinguishable from miRNA genes derived from de novo ex-
pression of genomic hairpins. Moreover, random genomic hair-
pins have lower genetic robustness as opposed to real miRNAs
(Borenstein and Ruppin 2006), making them more vulnerable to
mutations. As a consequence, evolving novel miRNAs by de novo
expression of genomic hairpins is less likely compared with
evolving a novel miRNA from a pre-existing duplicated miRNA
gene.

With respect to the structure of miRNA hairpins, we have
shown that there is a substantial difference in the thermodynamic
profiles of miRNAs that originate from 3’ and 5’ arms of the hair-
pins. miRNAs that originate from the 5" arm have a region of strong
instability in the 5’ region of the miRNA, around the first nu-
cleotide, consistent with previous results (Khvorova et al. 2003;
Schwarz et al. 2003; Krol et al. 2004). In addition, the canonical
hairpin has a lower stability in the middle of the miRNA. Intrigu-
ingly, this thermodynamic profile is much less pronounced for
miRNAs that originate from the 3’ arm. We hypothesize that in
nematodes the 3’ arm small RNA is the default miRNA that is
loaded into the RISC complex, unless thermodynamic character-
istics force the 5’ arm to be selected for incorporation. Modifica-
tions of the processing pathway throughout evolution may explain
differences in arm bias in different species (Supplemental Fig. 4).

We have also experimentally confirmed the existence of a class
of small RNAs known as 21U-RNAs in nematode species other than
C. elegans. 21U-RNAs are believed to be the nematode equivalent
of vertebrate piRNAs (Batista et al. 2008; Das et al. 2008; Wang and
Reinke 2008), which are involved in transposon silencing and are
essential for gametogenesis (Batista et al. 2008). The known 21U-
RNA upstream motif (Ruby et al. 2006) was found independently in
C. briggsae, C. remanei, and P. pacificus, which allowed us to identify
21U-RNAs in these species. The number of identified loci is limited
compared with recent 21U-RNA identification efforts (Batista et al.
2008) due to a limited number of small RNA reads in our data set.
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However, the distinctiveness of the upstream motif allows for
characterization based on a limited number of reads. The 21U-RNA
upstream motif is more diverged in P. pacificus and 21-RNAs form
multiple genomic clusters scattered over the genome, as opposed to
only several clusters in C. elegans. The current P. pacificus genome
assembly consists of more than 18,000 contigs, which are not
arranged into chromosomal order, and thus might influence the
analysis of genomic distribution of 21U-RNA motifs in P. pacificus.
However, the amount of assembled sequence covered by 21U-RNAs
is significantly higher in P. pacificus compared with C. remanei,
which has a genome assembly of similar quality, suggesting that the
21U-RNA distribution trend in P. pacificus would remain similar to
an improved genome assembly.

In conclusion, we provide a systematic analysis of small RNAs
in nematodes and describe various mechanisms of miRNA evolu-
tion, both over small and large evolutionary distances, and in-
tegrate them into a comprehensive model for miRNA evolution,
which can lead to a great diversification of regulatory pathways. A
question that remains open is whether, given the conservation of
the seeds over such a large evolutionary distance, the miRNA target
spectrum is also conserved or that it has significantly diverged over
the course of evolution. The lack of sufficient sequence homology
between the Caenorhabditis species and P. pacificus presently com-
plicates genomic alignments of 3' UTRs. Furthermore, the current
genome annotations for C. remanei and P. pacificus are rather
sparse with regard to 3’ UTRs, precluding target prediction. How-
ever, with improvements in genome annotation, future analyses
are expected to shed light on the conservation of miRNA-based
regulatory pathways over large evolutionary distances.

Methods

Worm strains, construction, and sequencing of small RNA
libraries

For sequencing, the wild-type strains Bristol N2 for C. elegans, AF16
for C. briggsae, EM464 for C. remanei, and PS312 for P. pacificus were
used. Small RNA libraries were produced by Vertis Biotechnology
AG (Freising-Weihenstephan, Germany) from mixed-stage worm
samples that had been grown and collected according to standard
procedures. Worms were cultured on Nematode Growth Medium
(NGM) plates containing the E. coli strain OP50 at 20°C. Chunks of
full-grown plates where transferred to NGM plates containing
OPS50 that had been cultivated in chicken egg yolk. Once these
plates were full grown, the worms were rinsed off with M9 me-
dium, cleared from OPS0 by centrifuging (2 min, 814g) in a 30%
glycerol solution at 4°C, washed in M9, rinsed in M9 for 30 min at
RT to flush the guts, cooled down to collect the pellet, and stored
and shipped at —80°C.

Library construction was performed as described previously
(Berezikov et al. 2007). Briefly, we used poly(A) tailing to extend
small RNAs. Subsequently, a sequencing adapter was ligated to the
5" end of the small RNA. A locked oligo dT primer was used to
perform the reverse transcriptase reaction. The resulting cDNA was
used as a template for the library amplification step. Small RNA
libraries were sequenced using the 454 Life Sciences (Roche) se-
quencing method. Raw sequences were processed by trimming of
poly(A) stretches, which represent the 3’ adapter sequences.

Sources of genome assemblies and annotations

The C. brenneri, C. remanei, C. japonica, and P. pacificus draft ge-
nome assemblies used in the analysis were produced by The Ge-
nome Center at Washington University School of Medicine in St.

Louis, Missouri (http://genome.wustl.edu; R. Wilson, pers. comm.)
and obtained from the following URLs:

C. brenneri (assembly 6.0.1, Feb 27, 2008), http://genome.
wustl.edu/pub/organism/Invertebrates/Caenorhabditis_PB2801/
assembly/Caenorhabditis_PB2801-6.0.1; C. remanei (assembly 15.
01, May 25, 2007), http://genome.wustl.edu/pub/organism/
Invertebrates/Caenorhabditis_remanei/assembly/Caenorhabditis_
remanei-15.0.1; C. japonica (assembly 3.0.2, Mar 12, 2008), http://
genome.wustl.edu/pub/organism/Invertebrates/Caenorhabditis_
japonica/assembly/Caenorhabditis_japonica-3.0.2; P. pacificus
(assembly 5.0, Jan 11, 2007), http://genome.wustl.edu/pub/
organism/Invertebrates/Pristionchus_pacificus/assembly/
Pristionchus_pacificus-5.0. The annotations for respective genomes
were obtained from the UCSC Genome Browser from the following
URLs: C. brenneri, ftp://hgdownload.cse.ucsc.edu/goldenPath/
caePb2; C. remanei, ftp://hgdownload.cse.ucsc.edu/goldenPath/
caeRem3; C. japonica, ftp://hgdownload.cse.ucsc.edu/goldenPath/
caeJapl; P. pacificus, ftp://hgdownload.cse.ucsc.edu/goldenPath/
priPacl. The published C. elegans and C. briggsae genomes and
annotations were obtained from Ensembl and UCSC Genome da-
tabases, respectively (ftp://ftp.ensembl.org/pub/release-50/mysql/
caenorhabditis_elegans_core_50_190; ftp://hgdownload.cse.ucsc.
edu/goldenPath/cb3).

Annotation of small RNA reads and identification of novel
miRNA genes

Primary data analysis was performed using miR-Intess software
(http://www.internagenomics.com), which is based on our pre-
vious works (Berezikov et al. 2006a,b). After quality and adapter
trimming, raw sequence reads were aligned to the respective ge-
nomes using MEGABLAST software (Zhang et al. 1998) and custom
post-processing scripts to allow trimming of 3’ nucleotides as de-
scribed previously (Berezikov et al. 2006b). Specifically, we required
perfect matching to the genome of the first 18 nt of the read, further
extended the 3’ matching part of the read by removing extra “A”
insertions as artifacts of 454 pyrosequencing of poly(A) tails, trim-
med the remaining mismatched 3’ bases, and selected the longest
possible hits as read locations. Aligned reads were classified ac-
cording to genomic loci annotations retrieved from Ensembl or
UCSC genome databases. Reads that aligned to intergenic or in-
tronic regions but not to exons, repeats, or structural RNAs, were
used in the miRNA discovery and annotation part of miR-Intess.
First, overlapping reads were grouped into blocks, and every block
and its surrounding genomic sequence were investigated for the
potential to form a hairpin with the abstract shape “[ ]”, using
the RNAshapes program (Steffen et al. 2006) and sliding win-
dows of 80, 100, and 120 nt, and requiring location of the reads
within one of the arms of a hairpin. Next, several parameters
were calculated for the identified haiprins, including number and
length of supporting reads, their location in the hairpin, and var-
iation of start/end positions, number and size of internal bulges,
GC content, randfold value (Bonnet et al. 2004), Drosha/Dicer
signatures and hairpin copy number in the genome, and annota-
tion of homologous hairpins in other genomes. These parameters
were used to classify hairpins into three confidence levels (confi-
dent, candidate, and unlikely), and parameter thresholds were se-
lected such that the majority of miRBase miRNAs would fall into
the confident category while keeping the number of unknown
hairpins in this category to the minimum. It should be noted that
conservation of the hairpins in other species, inferred as described
below, is used in our hairpin classification only to “downgrade”
hairpins that have obvious homologs in other species annotated as
repeats or structural RNAs. Conservation of the hairpin itself is not
required for assignment to confident or candidate hairpins.
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Alignments of novel miRNAs identified by miR-Intess are
available as Supplemental Figures 8-11 and the entire analysis is
accessible at http://www.internagenomics.com/public/worm0903.

miRNA conservation analysis

Identification of miRNA homologs in other species was performed
as described (Berezikov et al. 2006¢). All hairpins were searched
against other genomes using BLAST, and hits with conserved seed
region were extended and checked for hairpin presence using
RNAshapes. All potential hairpin homologs were further assessed
using RNAforester software (Hochsmann et al. 2004), and the
hairpin with the highest score above 0.3 was assigned as a most
likely homolog.

21U RNAs

For the identification of the 21U-RNA motifs we selected 80 nt
of the upstream region of all small RNA reads that were not an-
notated as hairpin or repeat by our computational pipeline. In
these regions the 21U-RNA core motif GTTTC was strongly over-
represented and found in a limited region (Ruby et al. 2006). Only
promoters that contain the GTTTC motif start between 48 and 42
and with a maximum of one mismatch in the motif were selected.
For the calculation of the PWM, the promoters were aligned on the
core motif and the nucleotide frequencies determined.

Using the PWM, we used the Perl TFBS module (Lenhard and
Wasserman 2002) to search the genomes of C. elegans, C. briggsae,
C. remanei, and P. pacificus for predicted 21U-RNA sites. Sites with
a score higher than 24 were scored as predicted 21U-RNA motifs. All
sequence reads that had a predicted 21U-RNA motif upstream were
designated as 21U-RNAs. The propinquity of the predicted 21U-
RNA motifs to each other allowed us to define regions in the ge-
nome with increased frequency of 21U-RNA motifs or clusters. We
used a sliding window approach to count the number of 21U-RNA
motifs within a 100-kb window, moving the window by 10 kb.

Thermodynamic profiles

Using mfold (v3.2) we predicted RNA secondary structures for the
candidate miRNA genes (Zuker 2003). mfold calculates the stack-
ing free energy, taking into account destabilizing elements such
as bulges and internal loops. Using the loop free-energy decom-
position, the AG for every base (for loops and bulges) or base pair
(for stacks) is calculated. The canonical thermodynamic profile was
calculated by aligning the profiles on the starting nucleotide and
averaging over all thermodynamic profiles.

Nothern blot analysis

Worms were grown and collected as described in the library
preparation section and spun down at 5000g for 30 sec to remove
excess fluid. The pellets were stored at —80°C. Small RNA was
collected from these according to the mirVana miRNA Isolation kit
manufacturer’s procedures with slight modifications, i.e., worms
were lysed in 2 vol of lysis buffer, 20 pL of proteinase K (20 mg/mL)
and 1/10 vol of 5 M NacCl, after which they were lysed at 55°C for
20 min and the standard protocol was continued. After quality
assessment on 1% agarose gel and quantification by nanodrop, 3-5
g of small RNAs (<200 nt) were heated at 65°C for 5 min in
formamide loading buffer, run over a 12.5% denaturing poly-
acrylamide gel, and blotted onto negatively charged nylon mem-
brane, after which the blot was dried, the RNA was cross-linked
by UV, and incubated at 37°C in hybridization buffer (0.36 M
Na,HPO,, 0.14 M NaH,PO4, 1 mM EDTA, 7%SDS) for 10 min.

Hereafter, the radiolabeled probe (1 pnL of 10 uM of DNA oligo-
nucleotide probe, 1 pL of 10X buffer, 1 wL of PNK [Promega], 1 pL
of 10 mCi/mL [y-3*P]ATP [Perkin Elmer], 6 pL of DEPC-treated
H,O, incubated at 37°C for 1 h, and boiled for 2 min) was added
and the blots were incubated overnight at 37°C. Prior to exposure,
they were shortly washed three times in prewarmed 0.2% SDS,
2X SSC, at 37°C. Phosphor screens were read on a Typhoon scan-
ner and images were enhanced by ImageQuant software (GE-
healthcare).

Seed-shifting analysis

Orthologs of C. elegans miRBase miRNAs were collected from the
miR-Intess output based on their annotation. Overlapping miR-
Base seeds (nt 2-8) with nt 1-7 sequences of cloned miRNAs, as
well as nt 1-7 of miRBase miRNAs with seeds of cloned miRNAs
were counted. Orthologs that were only identified as miRNAs that
underwent seed shifting, i.e., could be incorrectly annotated, were
excluded. Only the most abundantly cloned reads from each
hairpin arm were included. This analysis was repeated for all
cloned miRNAs to determine seed shifting in all miRNAs with
overlapping 7-mers in the seed region.
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