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Genome-wide analysis of trans-splicing in the nematode
Pristionchus pacificus unravels conserved gene functions
for germline and dauer development in divergent operons
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ABSTRACT

Discovery of trans-splicing in multiple metazoan lineages led to the identification of operon-like gene organization in diverse
organisms, including trypanosomes, tunicates, and nematodes, but the functional significance of such operons is not
completely understood. To see whether the content or organization of operons serves similar roles across species, we
experimentally defined operons in the nematode model Pristionchus pacificus. We performed affinity capture experiments on
mRNA pools to specifically enrich for transcripts that are trans-spliced to either the SL1- or SL2-spliced leader, using spliced
leader-specific probes. We obtained distinct trans-splicing patterns from the analysis of three mRNA pools (total mRNA, SL1
and SL2 fraction) by RNA-seq. This information was combined with a genome-wide analysis of gene orientation and spacing.
We could confirm 2219 operons by RNA-seq data out of 6709 candidate operons, which were predicted by sequence
information alone. Our gene order comparison of the Caenorhabditis elegans and P. pacificus genomes shows major changes
in operon organization in the two species. Notably, only 128 out of 1288 operons in C. elegans are conserved in P. pacificus.
However, analysis of gene-expression profiles identified conserved functions such as an enrichment of germline-expressed
genes and higher expression levels of operonic genes during recovery from dauer arrest in both species. These results provide
support for the model that a necessity for increased transcriptional efficiency in the context of certain developmental
processes could be a selective constraint for operon evolution in metazoans. Our method is generally applicable to other
metazoans to see if similar functional constraints regulate gene organization into operons.
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INTRODUCTION lineages is not completely understood, but existing models
propose their roles in various processes such as resolution
of individual cistrons from poly-cistronic transcripts (Blu-
menthal 1995; Blaxter and Liu 1996; Clayton 2002), stabili-
zation of mRNA by the Tri-Methyl-Guanosine (TMG) cap
at the 5" end of the spliced leader (Zwierzynski and Buck
1991), and increased translational efficiency (Maroney et al.
1995; Lall et al. 2004). Trypanosomes have essentially poly-
cistronic transcription, and hence all genes are trans-spliced
to aspliced leader. In contrast, only a subset of the transcribed
genes receives a spliced leader in nematodes like Caenor-
habditis elegans. The spliced leader in nematodes is derived
from a 100-nt primary SL RNA found in snRNPs that contrib-

The process of trans-splicing accomplishes the intermolecu-
lar ligation of two RNA molecules that are transcribed by two
separate loci in the genome. The phenomenon of trans-splic-
ing was originally discovered in unicellular trypanosomes
and has subsequently been also observed in many other
metazoans such as cnidarians, planarians, platyhelminthes,
and nematodes (Lasda and Blumenthal 2011). In this pro-
cess, typically, a short exon-like noncoding RNA derived
from one genetic locus gets spliced upstream of pre-mRNA
molecules arising from other genetic loci. This short noncod-
ing RNA is called a spliced leader (SL) and varies in length
and sequence in different species, ranging from 16-51 nucle-

otides (nt). The requirement of trans-splicing in such diverse
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utes a 22-nt spliced leader to the acceptor mRNA molecules
(Blumenthal 2012). Further, the presence of spliced leaders
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of a single class, the so-called SL1-spliced leaders, is most
likely the ancestral state within nematodes, while more de-
rived conditions in C. elegans, Pristionchus pacificus, or
Brugia malayi include a second class of SL2 and its variants,
the SL2-like splice-leaders (Guiliano and Blaxter 2006).

An additional feature of trans-splicing in nematodes is
its correlation with operon-like gene organization, where a
poly-cistronic transcript is transcribed from a cluster of close-
ly spaced genes in the same orientation, through a common
promoter that exists upstream of the most 5 genes in the
cluster (Zorio et al. 1994). The adaptive advantage of such
an operonic organization in C. elegans is not entirely un-
derstood, although existing models propose expression co-
regulation and clustering of functionally related genes
(Blumenthal and Gleason 2003). Recently, it has also been
shown that genes in operons are enriched for functions relat-
ed to germline development (Reinke and Cutter 2009), as
well as for genes involved in growth and those essential
for recovery from arrested life-stages such as dauers and L1
starvation arrest (Zaslaver et al. 2011). In general, operons
facilitate better utilization of limited transcriptional resourc-
es, especially under recovery from developmental arrest (Zas-
laver et al. 2011). Comparing the genome organization and
trans-splicing landscape in related species could provide fur-
ther clues to functions conserved in last common ancestors.
Analysis of trans-splicing in Caenorhabditis briggsae, a rhab-
ditid nematode closely related to C. elegans, shows extensive
conservation of operons, with earlier estimates of 96% com-
mon operons (Stein et al. 2003; Qian and Zhang 2008) to
more recent updates suggesting up to 82% of completely or
partially conserved operons (Uyar et al. 2012). However, giv-
en that a large fraction of genome is syntenic between the two
species (Stein et al. 2003), it is not completely clear whether
the observed conservation of operons reflects a functional
constraint or insufficient divergence between very closely re-
lated species (Guiliano and Blaxter 2006; Qian and Zhang
2008).

The diplogastrid nematode P. pacificus is estimated to have
shared a last common ancestor with C. elegans ~200—400
Myr ago (Dieterich et al. 2008). More recent findings suggest
that this divergence time estimate might be in fact 70% lower
(Cutter 2008; Erwin et al. 2011). P. pacificus has been devel-
oped as a model system for studies of evolution, ecology, and
comparative analysis with C. elegans (Hong and Sommer
2006; Sommer and McGaughran 2013). Such analyses have
uncovered evolutionary diversifications in various processes
such as vulva formation (Tian et al. 2008; Wang and Sommer
2011; Kienle and Sommer 2013), gonad development (Rudel
et al. 2005, 2008), dauer development (Ogawa et al. 2009,
2011; Sinha et al. 2012a), innate immune response (Rae
et al. 2010; Sinha et al. 2012b), and synaptic connectivity
(Bumbarger et al. 2013), during the evolutionary time sepa-
rating the two species. A genome-wide characterization of the
trans-splicing landscape and annotation of operonic genes in
related nematode models such as P. pacificus is therefore an

important first step in identifying conserved roles for operons
in these two species.

Whole-genome analysis of the set of all trans-spliced and
operonic genes in C. elegans has provided a systematic catalog
of annotated operons (Blumenthal et al. 2002; Allen et al.
2011), which can be used for global comparisons with other
species. The availability of whole-genome sequence of P.
pacificus (Dieterich et al. 2008) and further refinements of
genome assembly and gene models via proteo-genomic
approaches (Borchert et al. 2010) now facilitate such compar-
isons. Here, we present the results from the analysis of ge-
nome-wide patterns of trans-splicing and operon-like gene
organization in P. pacificus and its comparison with the corre-
sponding scenario in C. elegans. Previous comparative studies
of operons in C. elegans and P. pacificus have indicated various
levels of conservation and synteny between the operons of C.
elegans and P. pacificus (Lee and Sommer 2003; Guiliano and
Blaxter 2006; Zaslaver et al. 2011) yet were based on limited
examples and experimental data.

Here, we take a comprehensive, genome-wide perspective
based on experimental data from transcriptome studies in
P. pacificus. Specifically, we sequenced the purified SL1 and
SL2 trans-spliced subfractions of the P. pacificus transcrip-
tome, obtained by SL-specific pull-downs from the entire
poly-A transcriptome, using biotinylated probes complemen-
tary to SL1- or SL2-spliced leaders, respectively. We combined
the experimentally determined trans-splicing patterns with
computational analysis of intergenic distances in the P. pacif-
icus genome to validate 2219 operons out of 6709 potential
candidates in the P. pacificus genome and then generated a
whole-genome synteny map between C. elegans and P. pacif-
icus to identify all potentially conserved operons. We found
very small conservation at the level of individual operons.
However, by integrating data from recent transcriptome stud-
ies in P. pacificus, we observed that germline-regulated genes
are highly enriched in P. pacificus operons, and the genes in
operons have higher expression levels during the exit from
dauer stage in P. pacificus. These findings are similar to previ-
ous reports in C. elegans (Reinke and Cutter 2009; Zaslaver
etal. 2011), suggesting a conserved evolutionarily functional
constraint on genome evolution and operon organization.

RESULTS

Different organization of spliced leader genes
in the P. pacificus genome

The C. elegans genome contains a cluster of about 110 SL1 loci
on a 1-kb tandem repeat that also harbors a cluster of similar
number of 5s rRNA genes (Krause and Hirsh 1987), and
about 18 to 20 loci for SL2-like variants (Blumenthal 2012).
We identified all the spliced leader genes in P. pacificus ge-
nome by using the RNA structure and sequence alignment
tool “Infernal” (Nawrocki et al. 2009) to search against the
covariance models of SL1 and SL2 RNA families (accessions
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RF00198 and RF00199, respectively) obtained from Rfam
database version 11.0 (Burge et al. 2013). We found 187 loci
for SL1 genes and 16 loci for SL2-like variants in P. pacificus
genome (Supplemental Table S1). As a positive control,
we also used the Infernal program with same parameters
to scan the C. elegans genome for spliced leaders and were
able to recover all known SL variants as well as a novel SL2
gene, indicating 100% sensitivity and specificity of our predic-
tion method (Materials and Methods) (Supplemental Table
S2A). In P. pacificus, 176 out of all the 187 SLI loci produce
an identically processed SL1-spliced leader that has previously
been reported as the almost exclusively used variant Pp_SL1a
(Guiliano and Blaxter 2006), while the remaining 11 loci pro-
duce six other SL1 variants (Supplemental Table S2B). Of the
16 SL2 type loci that we discovered in P. pacificus, 11 produce
an identically processed SL2-spliced leader as previously re-
ported to be the most widely used SL2 variant in P. pacificus
(Guiliano and Blaxter 2006), while the remaining five SL2
loci produce three other variants (Supplemental Table S2C).

Interestingly, unlike C. elegans, we do not observe a spatial
clustering of either the SL1 genes or the 5s rRNA genes in P.
pacificus, or an overlap or proximity between the positions of
SL1 and 5s rRNA genes (Supplemental Table S1). Thus, apart
from their primary sequence differences (Lee and Sommer
2003; Guiliano and Blaxter 2006), the number and organiza-
tion of SL genes in P. pacificus are also different from that in
C. elegans.

SL-specific pull-downs on entire poly-A RNA pool yield
mRNA samples enriched for respective splice variants

For a comprehensive view of the trans-splicing landscape, we
sequenced mRNA pools enriched for SL1-spliced and SL2-
spliced transcripts, using a magnetic-bead—based pull-down
approach (schematic in Fig. 1; for details, see Materials and
Methods). The biotinylated probe used for enrichment of
SLI1 transcripts corresponds to the variant Pp-SLla, which
is reported to be observed almost exclusively on SL1-spliced
clones in P. pacificus (Guiliano and Blaxter 2006). Similarly,
biotinylated probe used for the enrichment of SL2-spliced
transcripts corresponds to the variant Pp-SL2b, reported to
be most frequently used relative to all other SL2 variants
(Guiliano and Blaxter 2006). In our pull-down experiments,
we were successful in obtaining about a 1000-fold enrichment
for both SL1- and SL2-spliced transcripts, as verified by gPCR
experiments using the gene Ppa-rpl-43 known to be trans-
spliced to both SL1 and SL2 (Supplemental Fig. S1). To fur-
ther verify that each biotinylated SL1- or SL2-specific probe
is capturing only its corresponding SL splice variant, we
synthesized pure RNA transcripts with either SL1 or SL2 at
their 5 end via in vitro transcription (IVT) reactions and
then subjected these samples to one round of pull-downs us-
ing the same protocol as for the actual sample (schematic in
Supplemental Fig. S2). We observed high specificity in these
reactions such that each SL-complementary probe was able
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FIGURE 1. Schematic of experiments for obtaining mRNA pools en-
riched in SL1- or SL2-spliced variants of all expressed genes. Three pools
of poly-adenylated RNA were isolated from total RNA: total polyA
mRNA, a SLI-spliced mRNA fraction, and a SL2-spliced mRNA frac-
tion. Briefly, biotinylated oligo-dT probes were used to purify the entire
polyA-mRNA from total RNA. The mRNA was split into three aliquots,
where one of the aliquot was directly used for RNA-seq, while the SL1-
spliced or SL2-spliced mRNA was isolated from the remaining two ali-
quots, using biotinylated oligo probes with sequences complementary to
the respective splice leaders. Streptavidin-coated magnetic beads were
used to pull down the biotinylated probes.

to pull down only its corresponding SL splice variant, while
no RNA could be detected in a pull-down with the probe
corresponding to the other SL (Supplemental Fig. S2A,B).
Additionally, we tested the specificity of these pull-downs
on a mixed pool of equal amounts of synthetic SL1 and
spliced SL2 RNA. qPCR analysis of RNA obtained after
each SL-specific pull-down exhibits high relative enrich-
ments, typically 100-fold or more (sevenfold or more on a
log2 scale), indicating minimal carry-over from nonspecific
binding (Supplemental Fig. S2C). In all these experiments,
the primers used for either the SL1 or SL2 sequences were
also highly specific, as verified in qPCR experiments on
pure pools of SL1- and SL2-spliced cDNA obtained from
cloned fragments (see Materials and Methods) (Supplemen-
tal Fig. S3).

About 90% of the expressed genes receive a spliced
leader in P. pacificus

The sequencing of each of the three fractions generated
around 44 million (Mio) reads, which could be aligned back
to the P. pacificus genome/gene-models and consisted of 29
Mio (64% of total) perfectly paired reads and 11 Mio (25%)
singletons. Nonzero read-counts (measured in FPKM [frag-
ments per kilobase per million mapped reads]) were observed
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for 23,693 genes in the entire polyA-fraction, while 21,234
genes in the SL1 fraction and 21,093 genes in the SL2 fraction
had nonzero read-counts (Supplemental Table S3). Nine
thousand nine hundred genes were detected simultaneously
across all the three samples (FPKM >0), indicating that
~90% of all detected genes received both spliced leaders in
varying proportions. On using a higher detection threshold
of FPKM > 1 or FPKM > 2, we still observe trans-splicing of
both spliced leaders to 90% of the detected genes. The fraction
of genes that receive a spliced leader is estimated to be ~70%-—
80% in C. elegans (Allen et al. 2011; Blumenthal 2012). The
higher extent of trans-splicing in P. pacificus is most likely
due to the higher sequence coverage used in our experiments
that could detect most of the trans-splicing events, a possibil-
ity consistent with previous observations in C. elegans where
higher read-coverage is associated with higher fraction of
trans-spliced genes (e.g., Fig. 1; Allen et al. 2011).

Extent of trans-splicing to a gene does not depend
on its level of gene expression

For each of the detected genes, we calculated the %SL1 and
%SL2 as the ratio of FPKM values of SL1 vs. poly-A samples
and the SL2 vs. poly-A samples, respectively. A plot of
%SL1 or %SL2 vs. absolute polyA FPKMs shows that the ex-
tent of trans-splicing to a gene is independent of its expression
level (Supplemental Fig. S4). Although most of the genes
receive both the spliced leaders SL1 and SL2, the relative pro-
portions of the two splicing variants for any particular gene
(measured as log2(SL1_fpkm/SL2_fpkm)) vary from —6 to
5 and show a bimodal distribution (Supplemental Fig. S5).
For any given mRNA, the extent of trans-splicing to the two
spliced leaders (measured as log2(SL_fpkm/poly_fpkm)) is
not strongly correlated (Pearson correlation = 0.14) (Supple-
mental Fig. S6), suggesting a gene-specific regulation of na-
ture and extent of trans-splicing.

The P. pacificus genome has 6709 putative operons,
with various trans-splicing patterns

A key feature of operon-like gene organization in C. elegans is
the small intergenic distance between adjacent genes (median
intergenic distance = 156 nt, 80% of all annotated operons
have intergenic distances <500 nt, based on WS239) (Zorio
et al. 1994; Huang et al. 2007) that is typically transcribed as
a poly-cistronic transcript from a common single promoter
found upstream of the most 5 gene in the operon, which
is then resolved into individual cistrons via trans-splicing
(Blumenthal 2012 Wormbase). Sometimes, downstream
genes within the so called “hybrid operons” might additional-
ly be transcribed from an internal promoter, which promotes
an expression pattern different to the poly-cistronic counter-
part originating from the operon (Huang et al. 2007). Thus
a common strategy to computationally predict potential
operons is to search for closely spaced gene clusters with an

intergenic distance threshold of maximum 500 nt (Zaslaver
et al. 2011). More recently, a small number of noncanonical
operons have been discovered in C. elegans. Herein, poly-cis-
tronic transcripts are derived from genes that can be as far
as ~10 kb apart, which is a substantial deviation from the
canonical ~500-nt intergenic distance (Morton and Blumen-
thal 2011). Thus, in order to predict potential operons in
P. pacificus genome, we first systematically analyzed the vari-
ation in number of operons and variation in the number of
genes within these operons as a function of intergenic distance
threshold (Fig. 2A). Remarkably, the number of predicted
operons, as well as the number of genes in operons, increases
with intergenic distance, up to a threshold of 3500 nt. Beyond
this threshold, we found that the number of potential operons
decreased sharply. This threshold of 3500 nt is close to the me-
dian value of intergenic distances of 3330 nt between all col-
linear gene pairs in P. pacificus genome.

Wefound the same trend for C. elegans, where the number of
predicted operons again had a peak at about 3500 nt but de-
creased beyond the 3500-nt threshold (Fig. 2B), which is close
to the median intergenic distance 0of 2996 nt between all collin-
ear gene pairs in C. elegans genome (WS239). Also, the 4727 C.
elegans operons that were predicted at a 3500-nt distance
threshold included 1354 out of the 1376 annotated operons
in C. elegans (Supplemental Table S4). We therefore decided
touse this 3500-nt threshold as a cut-off for intergenic distance
in our search of potential operons in P. pacificus. Our compu-
tational analysis identified about 6709 operon-like gene clus-
ters containing 19,024 genes in total (average number of
genes per operon = 2.83; minimum two genes per operon, and
maximum 14 genes per operon) (see Supplemental Table S5).
The median intergenic distance within the set of all these pre-
dicted operons in P. pacificus was observed to be 1149 nt, while
4204 operons (~63% of the total 6709 operons) have genes
with intergenic distances <500 nt (Supplemental Fig. S7).

Analysis of trans-splicing patterns of predicted operon
validates 2219 operons in P. pacificus

We used our mRNA-seq data on SL1- and SL2-spliced frac-
tion of the P. pacificus transcriptome to identify genome-wide
patterns of polyA-normalized trans-splicing across all genes
(see below). We integrated this information with our list of
predicted operons to arrive at a final set of 2209 validated op-
erons in P. pacificus.

As a first step, we carried out an unbiased k-means cluster-
ing on the normalized SL1-spliced and SL2-spliced fractions
(log(SL1/polyA) and log(SL2/polyA)) for each gene with
FPKMs > 0. This led to the discovery of three distinct clusters
(Fig. 3A) with different trans-splicing patterns (Fig. 3B) and
with different relative levels of SL1 vs. SL2 trans-splicing
(log (SL1/SL2)) (Fig. 3C). Based on these clustering results,
we can classify the genes in Cluster 1 as primarily “SLI
spliced” (log(SL1/SL2) > 0) (Fig. 3C), while Clusters 2 and 3
are comprised of genes that are predominantly “SL2 spliced”
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FIGURE 2. Effect of different intergenic distance thresholds on the number of predicted operons and the number of genes within operons in P. pacificus
(A) and C. elegans (B) suggests an optimal threshold at 3500 nt for predicting operons. The number of predicted operons (left y-axes, black curves with
open boxes) in both species initially increases with the maximum intergenic distance allowed between consecutive genes within operons but starts to
decrease beyond a 3500-nt cut-off (dotted vertical lines). The total number of genes predicted to be within these operons (right y-axes, gray curves with
filled squares) increases with increasing intergenic distance threshold and saturates at ~13,000 nt when almost all genes become part of predicted op-
erons. In P. pacificus, the number of operons that could be validated using our RNA-seq data (dotted black curve, open black rectangles in A) also show the
same trend as predicted operons, with a maximum at 3500 nt. Interestingly, the total number of genes included within these validated operons (dotted
gray curve, open gray squares in A) also decreases beyond the 3500-nt threshold, which was thus chosen as the optimal threshold for computational

prediction of operonic gene clusters.

(log(SL1/SL2) < 0) (Fig. 3C). In general, we observed that the
first gene of an operon tends to have higher SL1 reads than the
SL2 reads, while the trend is opposite for more downstream
genes (Fig. 3D).

With this information at hand, we looked at gene cluster
assignments within each of the previously predicted operons
and could identify three different classes of operons: “Type 1,”
“Type 2,” and “Type 3” operons, respectively. In “T'ype 1” op-
erons, the first gene belongs to Cluster 1 and hence receives
higher levels of SL1, while the second and more downstream
genes belong to either Cluster2 or Cluster 3 and hence receive
higher levels of SL2 trans-splicing (n = 925 operons) (Supple-
mental Table S5). In “Type 2” operons, all genes in an operon
are predominantly trans-spliced to SL2-spliced leader (n=
778 operons) (Supplemental Table S5), while in “Type 3” op-
erons, the first gene was not observed to be spliced to either
the SLI1- or SL2-spliced leaders and the downstream genes
predominantly received the SL2-spliced leader (1 = 516 oper-
ons) (Supplemental Table S5). The remaining operons (1 =
4490) (see Predicted Operons in Supplemental Table S5)
had a mixture of trans-splicing patterns on genes at different
positions (Supplemental Fig. S8). We further observed that
the genes in these “predicted” operons had, on average, lower
levels of expression than the genes belonging to the Type 1, 2,
and 3 operons (Fig. 4). It is thus likely that these are bona fide
operons, but their trans-splicing patterns could not be clearly
discerned due to the low expression of their constituent genes.

1390 RNA, Vol. 20, No. 9

In summary, we could validate ~33% of predicted operons in
P. pacificus by using our RNA-Seq data combined with bioin-
formatic prediction of operon-like clusters using an inter-
genic threshold of 3500 nt.

Further support in favor of using the 3500-nt threshold
came from the observation that when we used the same strat-
egy toidentify Type 1,2, or 3 classes of operons in P. pacificus at
various intergenic distance thresholds, not only the number of
validated operons but also the number of genes included with-
in these validated operons decreased beyond the 3500-nt
threshold (Fig. 2A, dotted lines), suggesting a potential under-
lying constraint on the maximum intergenic distance typically
allowed between consecutive genes within an operon.

Only a small number of operons are conserved
between P. pacificus and C. elegans

To identify the operons that are conserved between P. pacif-
icus and C. elegans, we first computed regions of conserved
synteny over all genes in a pairwise genome comparison using
CYNTENATOR software (Rodelsperger and Dieterich 2010).
We then filtered these results to include only the genes in-
cluded in operons of at least one species and then looked for
partial or complete overlaps between C. elegans and P. pacificus
operons. Any two operons with at least two genes in common
were counted as a conserved syntenic operon between the two
nematode species. Surprisingly, we found very little overlap
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FIGURE 3. Distinct patterns of trans-splicing observed in P. pacificus transcriptome. (A) A k-means clustering on the fraction of SL1 and SL2 splicing
for each gene reveals three distinct clusters. (B) A violin plot for the %SL1 and %SL2 for all genes within each of the three clusters shows that genes in
Cluster 1 get higher SL1 than SL2, while the opposite is true for genes in Clusters 2 and 3. (C) The same trend is more clearly visible in density plots of
relative SL levels (log2(SL1/SL2) for all genes within each of the three clusters. (D) Boxplots for relative trans-splicing levels for all the genes within all
predicted operons indicate that the first gene in an operon tends to receive higher levels of SL1 than SL2, although outliers can be seen for all gene
positions. Only gene positions 1 to 6 are shown in this plot, but the trend remains the same down to gene position 14, which is the maximum number

of genes in an operon.

between the operons across the two species. Specifically, only
37 operons are syntenic between the 1376 annotated operons
in C. elegans and the 2219 validated operons in P. pacificus
(Supplemental Table S6), where only seven operons were fully
conserved across the two species, while the remaining 30 op-
erons were only partially conserved. The validated operons
in P. pacificus, which are conserved in C. elegans are either

“Type 1 operons” (n=21) or “Type 2 operons” (n = 16)
only (Supplemental Table S6). Even when comparing all the
4731 predicted C. elegans operons at the 3500-nt threshold
against the 6709 P. pacificus operons, the total number of op-
erons conserved across the two species is just 128, of which
only 22 are fully conserved (Supplemental Table S6). In this
comparison of all predicted operons across the two species,
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FIGURE 4. Genes within predicted operons are expressed at lower
levels compared with the genes within operons validated to be of
Types 1, 2, or 3.

the P. pacificus operons, which are conserved in C. elegans, are
predominantly of the type “predicted operons” (n = 76), fol-
lowed by Type 1 operons (n = 28), Type 2 operons (1 = 20),
and Type 3 operons (n =4) (Supplemental Table S6).

Operon genes are overrepresented
within syntenic genes

In our genome-wide analysis of synteny across the two spe-
cies, we found a total of 623 C. elegans genes that are part
of conserved syntenic blocks across the genomes of C. elegans
and P. pacificus. We observed that more than one-third of
these genes (n = 222) are also part of known C. elegans oper-
ons, a highly significant enrichment (P-value from Fisher’s
exact test ~107>"). In other words, even though only a few
genes are present within the syntenic blocks in C. elegans,
they are highly likely to be a part of an operon. This suggests
that operons are very highly enriched within syntenic blocks
and perhaps constitute an important constraint in maintain-

ing synteny.

Genes in operons conserved across P. pacificus and
C. elegans are enriched for detoxification-related
genes and nuclear hormone receptor activity

Next, we analyzed if the set of the 109 genes included in these
37 conserved operons was enriched for any particular func-
tions. The results from an enrichment analysis for the
PFAM domains and the gene families together identify sig-
nificant overrepresentation of genes encoding gap junction
proteins innexins (inx gene family, Pfam domain Innexin)
and UDP-glucuronosyl transferases (ugt gene family, Pfam
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domain UDPGT) that are potentially involved in detoxifi-
cation pathways (Supplemental Table S7). A similar analysis
on the larger set of 389 genes from the 128 operons conserved
between all predicted operons across the two species again
identified significant overrepresentation of genes and do-
mains involved in detoxification pathways (glutathione S-
transferase gene family gst-, UDP-glucuronosyl transferases
encoded by the ugt gene family, cytochrome P450 enzymes
encoded by the cyp gene family, and P-glycoprotein—related
ABC transporters of the pgp gene family; correspond-
ing Pfam domains “GST_N,” “GST_C,” “UDPGT,” and
“p450”) (Supplemental Table S7), as well as nuclear hor-
mone receptor activity (nhr gene family, Pfam domains
“Hormone_recep” and “zf-C4”) (Supplemental Table S7).
The genes of gst, ugt, and cyp families work together dur-
ing phase I and phase II metabolism of lipophilic substances
such as xenobiotic toxins (Jakoby and Ziegler 1990; Oesch
and Arand 1999), and many of the nuclear hormone recep-
tors serve as xenobiotic sensors that can regulate expression
of cytochrome P450 enzymes and UDP-glucuronosyl trans-
ferases (Zhou et al. 2005; Wallace and Redinbo 2013). It is
therefore remarkable to see their enrichment within the set
of conserved operons and suggests that their concerted co-
regulation might be one of the adaptive functions of operonic
organization and thus retained across the evolutionary time
separating P. pacificus and C. elegans.

Operons in both P. pacificus and C. elegans show
enrichment for germline-expressed genes

Given that the gene order is poorly conserved between the
operons of P. pacificus and C. elegans, we looked for broader
levels of conservation by comparing the set of all operonic
genes in both species against each other to check if they con-
tain more 1:1 orthologs in common than expected by chance
alone. A total of 5513 unambiguous pairs of 1:1 orthologs
could be identified between P. pacificus and C. elegans (ge-
nome release ws239) using the InParanoid tool (Ostlund
et al. 2010). Of these 5513 ortholog gene pairs, 1352 genes
are members of C. elegans operons, while 1650 genes are a
member of the Type 1, Type 2, or Type 3 operons in P. pacif-
icus. We observed 599 1:1 orthologs to be common between
the operons in the two species, a small but highly significant
overlap (Fisher’s test P-value = 9.90 x 107°°) (Fig. 5A). This
significant overlap indicates that gene order within operons
is not a crucial constraint in evolution of operon function.
We further analyzed whether the operonic genes in the two
species are enriched for genes with similar biological func-
tions. Operons in C. elegans are enriched for genes involved
in germline development (Reinke and Cutter 2009). We as-
sessed the overlap between genes included in P. pacificus op-
erons and genes reported to be enriched in germline tissue in
P. pacificus by integrating data from a previous study of P.
pacificus germline enriched genes (Rae et al. 2012). We found
that similar to C. elegans, P. pacificus operons also show an
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A Significant overlap between the 1:1 orthologs of C. elegans and P. pacificus
that are found within the operons of either species

1:1 orthologs
N=5513

C. elegans
N=14995

13,227 3,110 22,435

P. pacificus
N =26,282

Overlap p-Value = 9.90E-39

B Operons in P. pacificus are highly enriched for germline genes

Germline

Operon genes

genes

Overlap p-Value = 2.43E-74

FIGURE 5. Conservation of gene content and function between oper-
ons of C. elegans and P. pacificus. (A) Significant overlap between the 1:1
orthologs of C. elegans and P. pacificus that are found within the operons
of either species (Fisher’s test P-value = 9.90 x 107°°). The rectangular
boxes represent the set of genes within C. elegans and P. pacificus, and
their overlap indicates the 1:1 orthologs (n=5513). The oval regions
represent the corresponding subset of genes that are part of operons
in respective species. (B) Operons of Type 1, Type 2, and Type 3 in P.
pacificus are highly enriched for germline genes (Fisher’s test P-value
=243 x1077%.

overrepresentation of germline expressed genes (Fig. 5B). The
germline function is also significantly enriched in the subset
of genes that are part of the 37 validated operons conserved
across the two species (Supplemental Fig. S9). These results
suggest that at least one of the functional constraints on oper-
on evolution is inclusion of genes expressed in the germline.

Dauer-exit-induced genes exhibit higher up-regulation
if they are part of an operon in both P. pacificus and
C. elegans

A proposed adaptive advantage for operon-like gene orga-
nization is optimization of transcriptional resources during
recovery from growth-arrested stages such at the dauer stage
in nematode, and the genes contained within operons were
found to be expressed at higher levels than the genes not inside
the operons during the dauer-exit time course in C. elegans
(Zaslaver et al. 2011). We thus analyzed the dauer-exit gene
expression profiles of P. pacificus and C. elegans from our pre-
vious study (Sinha et al. 2012a). In agreement with previous
reports (Zaslaver et al. 2011), we also see a higher expression
level of operonic genes compared with nonoperonic genes
during dauer-exit in C. elegans (Supplemental Fig. S10). We
find this phenomenon to be conserved in P. pacificus as well
(Supplemental Fig. S10). Moreover, exit from the dauer stage
is accompanied by a global increase in transcriptional ac-
tivity (Dalley and Golomb 1992). Up-regulated genes inside

operons (n = 1728) show a higher response (i.e., gene expres-
sion fold-change) than up-regulated genes outside operons
(n=28026) for C. elegans (P-value =5.86 X 107%) (see Fig.
6A). This is also true for dauer-exit gene profiles in P. pacificus
(P-value =5.48 x 107°) (Fig. 6B). The similarity of this trend
is even more remarkable given the fact that the dauer-related
genes are quite different between C. elegans and P. pacificus
(Sinha et al. 2012a). This pattern is not seen with the set of
predicted operons (see Supplemental Fig. S11).

We propose that the conserved higher expression and high-
er expression change of dauer-exit—induced genes, despite the
nonconservation of gene expression profiles or operon orga-
nization across the two species, are common evolutionary
constraints influencing clustering of genes into operons in
both the species.

P. pacificus-specific pioneer genes are also
incorporated in operons

About one-third of the P. pacificus gene set is composed of
lineage-specific genes, the so-called pioneer genes, which
do not show any sequence similarity to any of the known pro-
teins outside the genus Pristionchus (Borchert et al. 2010).
We found that out of the 6709 predicted operons, a total of
3515 operons in P. pacificus contain at least one pioneer
gene, of which 1490 operons contained two to nine pioneer
genes (Supplemental Table S5). The fraction of pioneer genes
within operons is slightly less than that expected by chance
(total 5692 pioneer genes found in operons, 5743 pioneer
genes expected by chance; Fisher’s exact test P-value=
3.00 X 107°). Most of these pioneer gene—containing operons
are of the type “Predicted Operon” (n=2663 out of total
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FIGURE 6. Higher fold-change induction of genes inside the annotat-
ed/validated operons vs. genes outside of operons, upon dauer-exit in C.
elegans (A) and P. pacificus (B).
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3515, ~76%), but there still exist 852 validated operons of
Type 1, Type 2, or Type 3 that contain at least one pioneer
gene. Thus 38% of all the 2219 validated operons incorporate
atleast one pioneer gene. Furthermore, 315 validated operons
have more than one pioneer gene (15% of all validated oper-
ons), while 212 validated operons are in fact comprised
completely of pioneer genes only (10% of all validated oper-
ons). These observations together indicate that relatively nov-
el genes are also incorporated into preexisting operons as well
as novel operons at a significant rate.

DISCUSSION

Trans-splicing and operon-like gene organization have been
extensively studied in C. elegans and related nematodes
(Lasda and Blumenthal 2011; Blumenthal 2012). However,
despite its widespread occurrence especially within the nem-
atode phyla, the origin and potentially adaptive functions of
eukaryotic operons are not completely understood. Operons
in C. elegans were initially discovered based on the observa-
tion that SL2-spliced genes were situated on genome in the
same orientation with small intergenic distances of ~100—
300 nt (Spieth et al. 1993). Further genome-wide studies es-
timated the existence of about 1068 such operons that con-
tain 15% of all transcribed genes (Blumenthal et al. 2002;
Allen et al. 2011). About 80% of all the annotated C. elegans
operons exhibit intergenic distance <500 nt (median inter-
genic distance = 156 nt within operons, based on WS239).
Thus close gene spacing coupled with high relative levels of
SL2 trans-splicing on downstream genes can be considered
a reliable method of operon annotation. Here we have used
similar criteria to define operons in P. pacificus, using a com-
bination of intergenic distances of collinear genes in the same
orientation and the trans-splicing patterns of genes in these
clusters obtained from RNA-Seq experiments. We have
used a systematic analysis of the effect of an intergenic dis-
tance threshold on the number of predicted operons to arrive
at an optimum threshold of 3500 nt.

Since not all trans-spliced genes in nematodes such as
C. elegans are part of operons, it is not well understood
what factors govern the organization of a few selected genes
into operons (Qian and Zhang 2008). Although, many of
the operons seem to be highly conserved between C. elegans
and the related nematode C. briggsae (Stein et al. 2003; Qian
and Zhang 2008; Uyar et al. 2012), it is not entirely clear if
this is due to adaptive constraints or a result of insufficient
divergence between the two species. An evolutionary com-
parison to more distantly related nematode species is expect-
ed to be more informative in identifying the conserved trends
and, hence, potentially adaptive functions of these operons.
Previous comparative studies analyzing a few candidate oper-
ons have found differences in spliced leader sequences as
well as some evidence of operon conservation across the
nematode phylogeny (Lee and Sommer 2003; Guiliano and
Blaxter 2006). We have now extended this comparison to a
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genome-wide level in P. pacificus and experimentally validat-
ed the genome-wide trans-splicing patterns.

The first difference that we find between C. elegans and P.
pacificus is the organization of the genes coding for the SL1-
and SL2-spliced leaders themselves. Unlike in C. elegans, the
SL1locido notappear to be clustered on a single chromosome,
nor are they in close proximity to the 5S rRNA loci
(Supplemental Table S1). We observed ~90% of all expressed
genes to be trans-spliced to either SL1 or SL2 or to a mixture
of both, similar to that in C. elegans (Allen et al. 2011). Inter-
estingly, a k-means clustering on RNA-Seq data identifies
three clusters of genes based on their splicing patterns (see
Fig. 3). By using this information, we were able to annotate
about 2219 operons out of a total of 6709 predicted operons.
When we searched for operons syntenic between the two spe-
cies, we found little conservation of the operon gene order
across the two species. Specifically, out of the 1376 known op-
erons in C. elegans and the 2219 P. pacificus operons validated
in this study, only 37 operons were found to be partially or
completely syntenic across the two species. Taking into ac-
count all the 4727 potential operons in C. elegans and about
6709 potential operons in P. pacificus, we still found only
128 syntenic operons. The overlap between the set of all
orthologous genes that are part of operons in either species
was relatively small but significant, indicating some conserva-
tion in gene content of operons on a global level (Fig. 5A). In
addition, we found many P. pacificus—specific “pioneer” genes
are incorporated into its operons. These data indicate that
the genome organization has evolved considerably since the
split between the two species lineages, changing the order
and the content of operons. It has been argued that operon-
like genomic organization places a constraint on gene order re-
arrangements during genome evolution because genes thatare
downstream in such operons lack a promoter and would not
be transcribed if they move out of it (Nimmo and Woollard
2002; Blumenthal and Gleason 2003). However, more recent
studies have predicted higher turnover rates for operons with-
in the Caenorhabditis genus, suggesting that new operons
might be formed at a higher rate than they are lost (Qian
and Zhang 2008; Cutter and Agrawal 2010). Our observation
of nonconserved operons across C. elegans and P. pacificus
raises further interesting questions about the mechanism for
such genome reorganizations and provides additional data
to test various models of operon evolution (Qian and Zhang
2008; Cutter and Agrawal 2010) in a related nematode species.

To gain functional insights and infer potentially enriched
functions in operonic genes in both P. pacificus and C. ele-
gans, we analyzed gene expression data from other tran-
scriptome studies in both species. This analysis revealed
strong conservation between the functions potentially me-
diated by the operonic genes in the two species, despite the
limited conservation of operons at a gene-by-gene level.
We found strong enrichment for germline development
and proliferation-related genes in the set of operonic genes
in both the species (Fig. 5B). Also, during the dauer-exit in
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both the species, the genes within operons show higher ex-
pression levels than the genes that are not inside operons
(Fig. 6). These results together suggest that although the iden-
tity of individual genes involved in particular biological pro-
cesses has diverged, the operons in the two species have
restructured accordingly such that they still contain genes re-
lated to similar functions, which potentially require bursts of
transcription and translation. Such functional constraints
have already been proposed to govern the organization of
genes into operon-like clusters in nematodes and potentially
other metazoans (Zaslaver et al. 2011). Our results now pro-
vide further evidence in support of this hypothesis.

A more comprehensive understanding of functions of
operon-like gene organization in eukaryotes will require fur-
ther analysis of such operons and require expression and
functional studies of operonic genes across different species.
The increasing number of sequenced metazoan genomes
and EST or transcriptome data sets available for compara-
tive analysis now provides new opportunities for discovering
trans-splicing across new species (Lasda and Blumenthal
2011), as well as identification of operon-like clusters based
on bioinformatics analysis. In addition, similar to the ap-
proach used in our study, mRNA obtained from spliced
leader—specific pull-downs can be subjected to RNA-seq to
quantitatively characterize the patterns of trans-splicing and
annotate potential operons across different species, especial-
ly within the nematode phylum, where a wealth of genomic
data is now available for comparative analysis (Guiliano
and Blaxter 2006; Sommer and Streit 2011). Further analysis
of annotated operons in the context of other functional and
gene-expression data from different species can thus help elu-
cidate the functional and structural constraints governing the
evolution and maintenance of operons in metazoan lineages.

MATERIALS AND METHODS

mRNA collection and pull-down experiments

About 3 mg total RNA was extracted from mixed-stage cultures of
P. pacificus reference strain RS2333 and was used for subsequent
mRNA pull-downs. In the first step, a polyA fraction of the total
RNA was purified by two rounds of pull-downs using biotinylated
oligo-dT probes and magnetic beads coated with streptavidin
(Promega polyA-attract kit). One aliquot of ~150 ng of the purified
poly-A mRNA was saved for RNAseq experiments. The remaining
mRNA was split into two equal portions, and these were subjected
to pull-downs using either a SL1-specific or SL2-specific biotiny-
lated probe, respectively. This resulted in two pools of mRNA highly
enriched for the SL1-spliced and SL2-spliced transcripts, respec-
tively, which were then used for RNA-Seq experiments. The bio-
tinylated probes used for enrichment of SL1 and SL2 transcripts
correspond to the variants Pp-SLla and Pp_SL2b, which have
been reported to be observed most frequently on trans-spliced tran-
scripts in P. pacificus (97% and 62%, respectively) (Guiliano and
Blaxter 2006). Based on the high sequence similarity between all
SL2 variants in P. pacificus (Supplemental Fig. S12), we expect the

SL2 probe to also hybridize and therefore enrich for transcripts
with other SL2 variants at their 5 ends.

RNA-Seq experiment and analysis of isolated
mRNA pools

High-throughput paired-end sequencing of the three mRNA pools
(entire polyA transcriptome, SL1-spliced fraction, and SL2-spliced
fraction of mRNA) was carried out according to manufacturer-pro-
vided standard protocols (2 X 76-nt, Illumina GA IIx). The resulting
raw data were processed using the software Flexbar (Dodt et al.
2012) and mapped against the P. pacificus genome with Tophat
1.3.1. Transcript abundance for each predicted gene in the P. pacif-
icus genome was calculated as FPKM read-counts with Cufflinks
1.3.0. All subsequent analysis was carried out on log2-transformed
FPKM values, using custom scripts in R and Perl.

qRT-PCR experiments for SL enrichment and fidelity
of SL-specific primers

The relative enrichments of SL1 or SL2 trans-spliced transcripts ob-
tained from pull-down experiments were verified by qRT-PCR. Data
from previous EST libraries in the laboratory showed the gene Ppa-
rpl-43 (Contigl5-snapOP.94) was trans-spliced to both SL1 and SL2
and, hence, was used to calculate relative enrichments after pull-
down. A 200-bp fragment of this gene was amplified using either the
SL1- or SL2-specific primers on cDNA obtained from total RNA as
wellas SL1- and SL2-enriched pools generated by spliced leader—specif-
ic pull-downs. The specificity of SL-specific primers used in these
qPCRs was verified by first cloning the SL1- and SL2-splice variants
of this fragment and then using pure plasmid DNA from each clone
ina qPCR reaction with the opposite SL primer (Supplemental Fig. S1).

In vitro reactions and pull-down experiments
on synthetic RNA

To verify the specificity of spliced leader—specific pull-downs used to
generate samples for RNA-Seq, we carried out SL1 probe—specific
and SL2 probe—specific pull-downs on pools of pure SL-spliced
RNA synthesized by IVT reactions (TranscriptAid T7 high-yield
transcription kit from Thermo Scientific). For the SL1-spliced tem-
plate DNA needed in IVT, primer extension was used to add a T7
promoter upstream to the first 500 bp of the SL1-spliced version
of Ppa-fib-1 gene (Contig20-snapOP.268). The DNA template for
the corresponding SL2-spliced version was obtained as a synthetic
gene from Eurofins MWG Operon. After IVT, both SL1- and SL2-
specific pull-downs were then carried out on the following three
kinds of RNA mixtures: (1) purely SL1-spliced RNA, (2) purely
SL2-spliced RNA, and (3) 1:1 mixture of SL1 and SL2-spliced
RNA. Using the Qubit RNA Assay Kit and fluorometer (from Life
Technologies), no RNA could be detected in either the pull-down
of mixture 1 by a SL2-specific probe, or pull-down of mixture 2
by a SL2-specific probe, indicating the high specificity of each probe.
The RNA samples obtained from each of the SL1 and SL2 pull-
downs on pool 3 were converted to cDNA and then analyzed via
qRT-PCR to quantify any nonspecific carry over. The cross-SL con-
tamination was observed to be less than 100-fold (sevenfold on a
log2 scale), again indicating high specificity of the probes used in
pull-down experiments.
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Operon prediction and annotation

By using the “Hybrid1 Assembly” (Borchert et al. 2010) and the latest
gene predictions in P. pacificus (GFF file for the gene models used in
this study available from www.pristionchus.org/download), all con-
tiguous gene clusters with genes in the same orientation and inter-
genic distances <3500 nt were identified as potential operons in P.
pacificus, leading to identification of 6709 putative operons. In the
absence of annotated transcription start sites and transcription
end sites in P. pacificus, we used the coordinates of the predicted start
and stop codon for each gene for this analysis, an approach success-
fully used in previous studies (Blumenthal et al. 2002; Zaslaver et al.
2011; Uyar et al. 2012). Integrating the splicing patterns of each gene
then validated these putative operons, using the RNA-seq data de-
rived from the three mRNA pools as described above. We basically
used an unbiased k-means clustering on the relative SL1 and SL2
levels of each gene (log2(SL1/polyA) and log2(SL2/polyA) levels)
and could divide the genes into three independent cluster (Fig. 3).
The k-means clustering was carried out using the package “cluster”
(version 1.14.0) in R. Based on the membership of operonic genes
into SL1-spliced or SL2-spliced clusters, 2219 of the 6709 predicted
operons could be validated and annotated as a Type 1, Type 2,
or Type 3 operon, with distinct splicing patterns as described in
the Results section above. We also verified that Type 2 operons
are a bona fide class in themselves and not a special case of Type
1 operons where the first SL1-spliced gene might be situated at an
intergenic distance greater than the 3500-nt threshold (data not
shown). The remaining 4490 operons are labeled as “Predicted_Op-
erons,” for which the splicing patterns could not be reliably dis-
cerned from the k-means clustering, most likely due to the low
level of expression of constituent genes (Fig. 4).

To analyze the level of synteny between the operons in P. pacif-
icus and C. elegans, we first identified all syntenic regions across
the whole genomes of C. elegans (WS239 release) and P. pacificus,
using the software CYNTENATOR (Rodelsperger and Dieterich
2010). We then focused on syntenic blocks or regions that con-
tained an operon from at least one species. By using the
Inparanoid program (Ostlund et al. 2010), we identified 5513 pairs
of 1:1 orthologs between C. elegans and P. pacificus. We then
checked for enrichment of these orthologs within the set of operonic
genes using a 2 x 2 Fisher’s exact test. The operon annotations and
chromosomal coordinates for the C. elegans operons were extracted
from the gff file corresponding to release WS239 of Wormbase
(ftp://ftp.wormbase.org/pub/wormbase/species/c_elegans/gft/).

Using microarray data to identify functions potentially
enriched in operonic genes

We used the following microarray-based gene expression data to
identify functions enriched within operonic genes: gene expression
profiles during dauer-exit in P. pacificus and C. elegans (NCBI GEO
accessions GSE30977 and GSE31861) (Sinha et al. 2012a) and germ-
line expressed genes in P. pacificus (Rae et al. 2012). Since the P. pacif-
icus gene models used in this study are derived from the RNA-Seq
experiments described in this study and, hence, are different from
the ones used in the previous microarray studies, we used the tool
cuffcompare (Trapnell etal. 2010) to first map the current gene mod-
els onto the older gene set and thereby the microarray data. In the
dauer-exit vs. dauer comparisons, log2 of signal intensities from
both channels (log2(RG)) was used as a measure for average expres-
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sion levels, while the fold-change is defined as log2 of ratio of signal
intensities (log2(R/G)). Statistical significance of differences in ex-
pression levels or fold-changes between operonic and nonoperonic
genes was assessed by Wilcoxon test. The germline-enriched genes
in P. pacificus were obtained as the list of genes significantly down-
regulated in germline-ablated animals compared with germline-in-
tactanimals in P. pacificus (Rae etal. 2012). The statistical significance
of overlap between operonic genes and germline-enriched genes in P.
pacificus was assessed by Fisher’s exact test on a 2 X 2 contingency ta-
ble (gene in operon [yes, no] vs. gene enriched in germline [yes, no]).

DATA DEPOSITION

The RNA-Seq data generated in this study have been deposited to
the Short Read Archive under the accession no. SRP039388. All
gene expression data from microarray experiments are accessible
from Gene Expression Omnibus (GSE30977, GSE31861, and
GSE37331). The gene models used in this study are available at
www.pristionchus.org/download under the section Hybridl Data.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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