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The widespread identification of genes without detectable homology in related taxa is a hallmark of genome sequencing

projects in animals, together with the abundance of gene duplications. Such genes have been called novel, young, taxon-

restricted, or orphans, but little is known about the mechanisms accounting for their origin, age, and mode of evolution.

Phylogenomic studies relying on deep and systematic taxon sampling and using the comparativemethod can provide insight

into the evolutionary dynamics acting on novel genes. We used a phylogenomic approach for the nematode model organ-

ism Pristionchus pacificus and sequenced six additional Pristionchus and two outgroup species. This resulted in 10 genomes with a

ladder-like phylogeny, sequenced in one laboratory using the same platform and analyzed by the same bioinformatic pro-

cedures. Our analysis revealed that 68%–81% of genes are assignable to orthologous gene families, the majority of which

defined nine age classes with presence/absence patterns that can be explained by single evolutionary events. Contrasting

different age classes, we find that older age classes are concentrated at chromosome centers, whereas novel gene families

preferentially arise at the periphery, are weakly expressed, evolve rapidly, and have a high propensity of being lost.

Over time, they increase in expression and become more constrained. Thus, the detailed phylogenetic resolution allowed

a comprehensive characterization of the evolutionary dynamics of Pristionchus genomes indicating that distribution of age

classes and their associated differences shape chromosomal divergence. This study establishes the Pristionchus system for fu-

ture research on the mechanisms that drive the formation of novel genes.

[Supplemental material is available for this article.]

The sequencing of genomes throughout the animal kingdom
has shown gene duplication to represent the major driving force
for the generation of novel genes, confirming the predictions of
Susumu Ohno from his seminal book, Evolution by Gene Duplica-
tion (Ohno 1970; Lynch 2007). However, the same sequencing ef-
forts have also shown that up to one-third of genes in a given
genome lack homology in any other species and have therefore
been called novel, young, taxonomically restricted, pioneer, or or-
phan genes (Khalturin et al. 2009; Tautz and Domazet-Lošo 2011).
Although horizontal gene transfer, rapid divergence, evolution
from previously noncoding sequences, as well as genomic artifacts
have been proposed to explain their presence (Long et al. 2003;
Tautz and Domazet-Lošo 2011; Rödelsperger et al. 2013; Denton
et al. 2014), it is still unclear towhat extent thesemechanisms con-
tribute to their existence. In addition, there are very few studies
that comprehensively date their age and characterize the evolu-
tionary forces acting on them (Palmieri et al. 2014; Stein et al.
2018). In the case of the nematode Pristionchus pacificus, which
has been established as a model organism for comparative studies
with Caenorhabditis elegans (Sommer and Sternberg 1996; Sommer
2015), roughly one-third of genes initially were classified as or-
phan genes (Dieterich et al. 2008; Borchert et al. 2010). Although
extensive comparative genomic studies did show some evidence of

horizontal gene transfer (Dieterich et al. 2008; Rödelsperger and
Sommer 2011; Meyer et al. 2016), this process could only explain
the origin of a handful of orphan gene families. In addition to the
high abundance of orphangeneswithin the genomeof P. pacificus,
we recently showed that most orphan genes are real (Prabh and
Rödelsperger 2016) and they can regulate ecologically relevant
traits (Mayer et al. 2015).

The fraction of orphan genes is expected to be higher in the
genomes of isolated species that lack genome data from closely re-
lated taxa (Tautz and Domazet-Lošo 2011). For example, the diver-
gence time between P. pacificus and C. elegans can be estimated as
between 60 and 90 million years ago (Cutter 2008; Dieterich et al.
2008). Thus, deeper taxon sampling is key to understanding gene
origin and evolution. P. pacificus belongs to the family Diplogastri-
dae, whereasC. elegans belongs to the family Rhabditidae (Sudhaus
2013). Importantly, P. pacificus was one of two Pristionchus species
with a sequenced genome, and no other diplogastrid nematode
outside Pristionchus genus has ever been sequenced. Therefore,
we decided to create a comprehensive phylogenomic data set to
study the genome evolution of Pristionchus nematodes. Phyloge-
nomics is a composite of genome analysis and evolutionary studies
(Eisen and Fraser 2003), and it uses the comparative method (Har-
vey and Pagel 1998) that involves study of phenotypic variation in
a given evolutionary framework. Initially, the phylogenomic ap-
proachwas used to predict the function of a novel protein through
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common ancestry (DeSalle and Rosenfeld 2012). Further, as more
whole-genome data of related species became available, phyloge-
nomic studies started to focus on taxonomically restricted traits
(Johnson and Tsutsui 2011; Hunt et al. 2016; Santos et al. 2017;
Verster et al. 2017). There are twomain requirements for a compre-
hensive phylogenomic analysis. First, an accurate species tree
helps with the selection of species that are best placed to study a
particular question. Second, the comparable genome data for the
selected species must be available to study the evolution of geno-
mic features within the phylogenetic framework. For the genus
Pristionchus, which includes more than 30 culturable species, pre-
vious work has established a robust molecular phylogeny for the
selection of representative nematode species (Susoy et al. 2016).

In this study, we extend the existing data set of two Pristion-
chus genomes (Dieterich et al. 2008; Rödelsperger et al. 2014) by
sequencing eight additional diplogastrid genomes within and out-
side of the Pristionchus genus. Together, these are conducive to ex-
ploring the dynamics that shape the Pristionchus genome at
extremely high phylogenetic resolution. In this study, we focus
on (1) establishing our phylogenomic data set, (2) assigning gene
families into age classes, and (3) exploring their evolutionary tra-
jectories, whereas we intentionally leave the study of mechanisms
of gene formation for future research.

Results

Assemblies of 10 diplogastrid genomes as a platform for

comparative phylogenomics

To gain insight into the dynamics of gene gain and loss within the
Pristionchus lineage, we complemented the two existing draft ge-
nomes of the sister species P. pacificus (Rödelsperger et al. 2017)
and P. exspectatus (Rödelsperger et al. 2014) by sequencing eight
more diplogastrid genomes. In particular, we sequenced genomes
of three gonochoristic (P. arcanus, P. maxplancki, and P. japonicus)
and three hermaphroditic (P. mayeri, P. entomophagus, and P. fissi-
dentatus) nematodes of the genus Pristionchus along with the gon-
ochoristic Parapristionchus giblindavisi and Micoletzkya japonica
(Susoy et al. 2013, 2016). In addition, we reassembled the genome
of P. pacificus based on Illumina data alone to increase the compa-
rability (seeMethods for details). Each species was carefully chosen
to create a deep taxon sampling of the Pristionchus genus based on
our current understanding of the molecular phylogeny (Susoy
et al. 2016), and the two non-Pristionchus species were selected as
outgroup (Fig. 1A; Supplemental Fig. S1). The genome sizes of Pris-
tionchus nematodes in the scaffolded assemblies varied between
151 and 297Mb (Table 1). Mode of reproduction in Caenorhabditis
nematodes was reported to cause a reduction in genome size
of hermaphroditic species (Wang et al. 2010; Fierst et al. 2015;
Slos et al. 2017; Yin et al. 2018). We note that gonochorists do
not generally have larger genomes than hermaphroditic Pristion-
chus species. However, when comparing the hermaphroditic
P. pacificus with its two closest relatives, P. exspectatus and P. arca-
nus, the trend for smaller genomes in hermaphrodites holds true
(Fig. 1A; Table 1).

To assess the quality of the draft assemblies, we calculated
measures of contiguity (N50, numbers of scaffolds), completeness
(BUSCO, percentage of raw reads represented in the assembly),
and correctness (paired ends in proper orientation, ambiguous
fraction). The largest differences were caused by the switch to a
less aggressive assembly strategy during the course of this study.
Specifically, the older ALLPATHS-LG strategy, which was based

on an initial assembly of overlapping read pairs, yielded substan-
tially fewer contigs at the cost of much higher levels of ambiguous
base calls (MacCallum et al. 2009). The more recent approach,
as implemented in the software DISCOVAR de novo (https://
software.broadinstitute.org/software/discovar/blog/), generates an
initial assembly based on a PCR-free library. These assemblies tend
to have overall higher number of contigs, but also substantially re-
duced levels of ambiguity (Table 1). However, it is important to
note that these differences between assembly strategies do not
seem to have an effect on either the N50, BUSCO, or any of the
other measures of assembly quality. Therefore, we conclude that
all our assemblies are of comparable quality.

The majority of gene families can be explained by a single

evolutionary event

The ladder-like phylogenetic tree (Fig. 1A) allowed the tracing of
the phylogenetic origin of genes on nine ancestral nodes and the
assignment of genes into age classes. We generated gene annota-
tions based on protein homology information and RNA-seq data
for all 10 species (Supplemental Table S1) and computed ortholo-
gous gene clusters with orthAgogue (Fig. 1B; Ekseth et al. 2014),
which represents a faster reimplementation of the widely used
OrthoMCL pipeline (Li et al. 2003). In total, 38,639 clusters having
two or more genes were generated, which contained 68%–81% of
genes in a given genome (Fig. 1C). More than 5000 clusters were
found to have at least one gene from all 10 species; hence, their or-
igin could be traced back to the common ancestor of all studied
diplogastrid nematodes (Fig. 1D). Such clusters were designated
as “Age class ix” in our analysis (Fig. 1B). Clusters that weremissing
fromM. japonica, but had at least one gene in each Pristionchus spe-
cies and P. giblindavisi, were classified as “Age class viii” (Fig. 1D). It
is important to note that these clusters represent either an M. ja-
ponica–specific loss or a taxon-restricted gain. Further, multiple
clusters were found to be restrictedwithin amonophyletic subline-
age and were designated as “Age class vii–i” (Fig. 1D). Thus, the
lower the cluster age class, the more recent is the origin of the
genes in it.

Additionally, we identified clusters in which the species dis-
tribution could most parsimoniously be explained by gene loss re-
stricted to a monophyletic group (“Lost in sublineage”) (Fig. 1B).
There were multiple clusters that had at least one gene from all
but one species, andwe categorized such clusters as “species-specif-
ic loss” (Fig. 1C). Finally, there were gene clusters with two ormore
genes from only one species, and such clusters were labeled as
“species-specific” clusters. They were composed of species-specific
genes that were duplicated and thus formed clustersmade of paral-
ogs (Fig. 1C). Consistent with the phylogeny that underlies our
study design, longer branches between extant taxa and more
ancestral inner nodes (Susoy et al. 2016) show higher numbers
of species-specific duplications and gene losses. Because it can be
difficult to differentiate true losses frommissing evidence (Gilabert
et al. 2016; Rödelsperger 2018), the numbers of species-specific
gene losses within most of the sampled Pristionchus species seem
to be rather stable and only increase in the two outgroups (Fig. 1C).

In addition to the already described cluster categories, we
were left with genes from every species that did not cluster with
any other genes; thus, such genes were called “singletons.”
Although we suspect that some of the singletons can be gene an-
notation artifacts, our previous report suggests that the majority
of singletons are real protein coding genes (Prabh and Rödel-
sperger 2016). However, lack of homologous sequence data
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Table 1. Summary of basic assembly features

Species
Genome
size (Mb)

Number of
scaffolds

N50
(kb) Assembler Depth

Fraction of
mapped reads

(%)

Read pairs in
correct

orientation (%)
Ambiguous
fraction

BUSCO
(%)

P. pacificus 143–151 33,047 438 DISCOVAR 73× 92–93 94 1.1 × 10−4 87
P. exspectatus 167–178 4412 142 ALLPATHS-LG 97× 90 95–96 1.5 × 10−3 91
P. arcanus 195–203 4263 271 ALLPATHS-LG 72× 96–97 96–97 1.3 × 10−3 92
P. maxplancki 222–266 69,506 309 DISCOVAR 50× 95 95 3.9 × 10−4 91
P. japonicus 199–223 33,291 448 DISCOVAR 49× 96 96 1.6 × 10−4 90
P. mayeri 267–297 84,599 235 DISCOVAR 32× 95 93 1.5 × 10−4 87
P. entomophagus 242–264 72,722 369 DISCOVAR 36× 97 97 1.0 × 10−4 87
P. fissidentatus 233–247 56,870 443 DISCOVAR 39× 98 94 1.1 × 10−4 90
P. giblindavisi 178–201 7303 112 ALLPATHS-LG 50× 94–95 81–92 1.3 × 10−3 79
M. japonica 180–202 137,965 189 DISCOVAR 61× 97 87 4.8 × 10−4 87

Genome size denotes the range between assembled and scaffolded genomes.

B C DA

FE

Figure 1. Gene classes of Pristionchus nematodes and their distribution on P. pacificus chromosomes. (A) Overview of phylogenetic relationship among
the 10 diplogastrid species. (B) Distribution of genes within orthology classes across 10 diplogastrid genomes. (C ) Numbers of total clusters per species and
the percentage of all genes within these clusters, followed by the number of species-specific clusters and clusters that have been exclusively lost in the given
species. (D) Graphical representation of the age classes; a light rectangle indicates presence of a gene family in the given species, and a dark rectangle
indicates absence of this gene family. The roman numerals at the top of the box indicate the relative age of the age class. (E) Top 10 species distribution
patterns in patchy clusters. (F ) Distribution of all orthology classes in nonoverlapping 500-Mb windows across chromosomes suggests that older genes are
overrepresented at the chromosome centers. Chromosome II, III, IV, and V have their centers at the middle, Chromosome I has two chromosome centers,
and Chromosome X has no obvious center.
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prohibits any type of selection analysis. Therefore, we focused on
gene families with members from at least two species and left the
characterization of singletons for future research. Taken together,
the analysis of orthologous cluster types showed that up to 67%
of P. pacificus gene families can most parsimoniously be explained
by a singular evolutionary event such as a gain or a loss.

Young gene families have a higher propensity of being lost

The orthologous cluster types that we have defined above can be
explained by a single evolutionary event. However, 38%of all clus-
ters can only be explained by more than one gain or loss and were
labeled as “patchy clusters.” When these patchy clusters were an-
alyzed for most common species distribution patterns, we found
that most of the top 10 species patterns can be parsimoniously ex-
plained by just two evolutionary events, i.e., a gain at one of the
internal nodes within the Pristionchus genus, followed by a loss ei-
ther in an extant species or at one of the derived internal nodes
(Fig. 1E). More precisely, nine of the 10 most abundant patchy
cluster types were not older than the common ancestor of P. pacif-
icus and P. japonicus. This finding indicated that younger gene fam-
ilies are more prone to gene loss. Further, we found that none of
the most abundant patchy clusters distinguish the two different
modes of reproduction. Thus, we conclude that themajority of ob-
served changes are better explained by phylogeny.

A chromosome-scale assembly of the P. pacificus genome
(Rödelsperger et al. 2017) allowed us to map the genes from dif-
ferent cluster categories onto the six
chromosomes. We created nonoverlap-
ping windows of 500 kb for each chro-
mosome and calculated the fraction of
genes falling into different cluster catego-
ries or age class within a given window
(Fig. 1F). The majority of chromosomes
showed enrichment for old cluster cate-
gories, i.e., clusters common in all species
(Age class ix) or present in all but one spe-
cies, located at the chromosome centers.
Note that chromosome centers are not
related to centromeres because Pristion-
chus nematodes have holocentric chro-
mosomes (Melters et al. 2012). Instead,
chromosome centers were defined previ-
ously based on characteristic genomic
signatures such as high gene density,
low repeat content, and low levels of nu-
cleotide diversity (Rödelsperger et al.
2017). Consequently, P. pacificus Chro-
mosome I appears to have two center-
like regions. The finding that patchy
clusters are preferentially located at chro-
mosome arms is consistent with the fact
that they represent young gene families,
which have been secondarily lost in one
of the species (The C. elegans Sequencing
Consortium 1998; Parkinson et al. 2004;
Thomas 2006).

Genes increase in expression levels

with age

To study how gene expression evolves
over time, we compared different age

classes with gene expression profiles frommultiple developmental
stages of P. pacificus (Baskaran et al. 2015). We observed that in all
samples, the older age classes (mostly Age class ix and viii) are ex-
pressed at a higher level than the younger age classes, and expres-
sion levels increase with gene age (Fig. 2A; Supplemental Fig. S2).
Also, the genes from Age class ix are expressed at relatively high
levels in all the samples (Fig. 2B). Although the correlation be-
tween age classes and expression levels is relatively weak
(Spearman’s rho=0.33, P<2−64) (Fig. 2A), this can be improved
by calculating themean expression value of all genes in all 10 sam-
ples (Spearman’s rho=0.46, P<2−64). When mapping gene ex-
pression levels in 500-kb nonoverlapping windows on each
chromosome, we observed that genes under the highest expres-
sion category (mean FPKM ≥10) are also enriched at the chromo-
some centers (Fig. 2C). Incidentally, some windows at the
chromosome centers also had the highest fractions of genes with-
out any expression evidence (mean FPKM=0), which ismost likely
due to the presence of old genes with high spatio-temporally re-
stricted expression. In summary, the analysis of expression data
shows that young genes usually have either low or spatio-tempo-
rally restricted expression, and that their expression tends to in-
crease or become broader over time.

Exceptionally high gene loss along the P. pacificus lineage

Our previous analysis showed that young genes are preferentially
located at chromosome arms, are not highly abundant in

A

C

B

Figure 2. Expression increases over time. (A) Expression values for P. pacificus genes from different age
classes in an RNA-seq data set of late larvae and adults (Late 1) indicate that older age classes are ex-
pressed at higher levels. (B) Age class ix genes are expressed at a constitutively high level in all 10 devel-
opmental transcriptomes. (C) Distribution of expression classes across the P. pacificus chromosomes.
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transcriptome data, and have a higher probability of getting lost.
Along these lines, we observed that P. pacificus shows considerably
higher number of species-specific lost clusters as compared
with the other Pristionchus species (Fig. 1C). This called for further
investigation, and we ascertained the orthology relation among

P. pacificus, P. exspectatus, P. arcanus, and C. elegans to functionally
characterize the C. elegans orthologs (Fig. 3A). We searched for
genes that were lost in P. pacificus but present in other closely relat-
ed species andC. elegans to perform aGeneOntology analysis with
available C. elegans annotations (Huang et al. 2009). This analysis

showed a significant overrepresentation
of G-protein coupled receptors (GPCRs)
among gene families that have been lost
in the P. pacificus lineage (Fig. 3B).
However, the majority of the clusters
(84%) missing P. pacificus genes are also
missing C. elegans genes (Fig. 3A). There-
fore, we used P. exspectatus and P. arcanus
genes from such clusters to further inves-
tigate the P. pacificus losses. Protein do-
mains (PFAM) for all P. exspectatus and
P. arcanus genes were annotated based
on InterProScan-5.19–58.0 (Finn et al.
2017), and we tested for overrepresenta-
tion of protein domains in P. pacificus–
specific lost clusters in both species (Fig.
3C,D). C2H2-type zinc finger domain
(PF13912) was one of the top candidates
that were enriched in both P. exspectatus
and P. arcanus. Genes with C2H2 do-
mains in C. elegans, such as lsy-2 and
ces-1, are transcription factors that play
roles in larval development and pro-
grammed cell death (Thellmann et al.
2003; Johnston 2005). Interestingly, in
the first draft genome of P. pacificus,
this domain was shown as the second
most prominent domain expansion in
P. pacificus with respect to C. elegans
(Dieterich et al. 2008; Finn et al. 2017).
However, given our dense phylogenetic
sampling, we found that the number of
C2H2 domains in P. pacificus (N=16)
has dropped since the separation from
P. exspectatus (N=47) (Fig. 3E), yet it is
much higher than in C. elegans (N=6).
Based on the distribution of species pat-
terns among gene clusters that were an-
notated as having a C2H2 domain (Fig.
3F), we conclude that gene families
with this domain have undergonemulti-
ple gene losses and gains throughout the
Pristionchus genus. This finding high-
lights the need for dense phylogenetic
sampling to accurately describe the evo-
lution of gene families.

All age classes are under evolutionary

constraint

Next, we investigated the evolutionary
forces acting on the different age classes.
To this end, we calculated rates of nonsy-
nonymous changes (dN), synonymous
changes (dS), and ω (dN/dS) for 1:1 ortho-
logs between P. pacificus and each other
species. The rate of synonymous changes

A B

C D

E F

Figure 3. P. pacificus–specific loss. (A) Majority of gene families that have been lost in P. pacificus, but
have at least one gene from either P. exspectatus or P. arcanus, do not have any orthologous genes in
C. elegans. (B) Gene Ontology analysis of C. elegans orthologs of P. exspectatus and P. arcanus genes
whose counterparts were lost in P. pacificus shows an enrichment of G-protein coupled receptors.
(C,D) Overrepresentation of protein domains among genes that have been lost in P. pacificus based on
orthologs from P. exspectatus (C) and P. arcanus (D). The C2H2-type zinc finger domain (PF13912) shows
a consistently significant enrichment in both species. (E) The number of genes with C2H2 domains across
all 10 species indicates an expansion of this domain in the Pristionchus lineage. (F ) The nine most abun-
dant species distribution patterns in orthologous clusters containing a C2H2 domain show additional ex-
pansions and contractions.
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(dS) obtained from pairwise species comparisons was used as a
proxy for divergence time, and it remained consistent with the
species phylogeny (Fig. 4A). The two most closely related species
to P. pacificus—P. exspectatus and P. arcanus—showed dS peaks be-
tween 0.2 and 0.5 substitutions per site. The ω distributions dem-
onstrated that all age classes are indeed under evolutionary
constraint (Fig. 4B). Interestingly, the ω distributions also followed
the species phylogeny, suggesting that older species pairs were un-
der stronger selection (Fig. 4B). However, it should be noted that
the observed patterns of ω distribution might reflect the fact that
longer time periods facilitate the removal of more deleterious or
slightly deleterious alleles (Thellmann et al. 2003; Johnston
2005; Rödelsperger et al. 2014). Therefore, we decided to narrow
our focus on a fixed evolutionary age by only considering P. pacif-
icus and P. exspectatus pairwise data set for further analysis.

Divergence profiles reflect fast evolving chromosome arms and

stable centers

In our previous analysis, we observed that nucleotide diversity is
not uniformly distributed throughout the length of the P. pacificus
chromosomes and suspected that dS may also vary between differ-
ent chromosomal regions (Rödelsperger et al. 2017). To investigate
dS variation along the chromosome, we plotted dS values for all
pairwise comparison between P. pacificus and P. exspectatus for
500-kb nonoverlapping windows and a running mean for each
window (Fig. 4C). Median level of dS between P. pacificus and
P. exspectatus is 0.33 (interquartile range [IQR] = 0.21–0.51), which
would roughly correspond to a divergence time of 1–5 million
years ago (Cutter 2008). Similar to the profile of nucleotide diver-
sity across the chromosome (Rödelsperger et al. 2017), we observed

A

C

B

Figure 4. Divergence estimates across different time scales and their chromosomal distribution. (A,B) Pairwise dS (A) and ω (B) distribution between
P. pacificus and all other species support the underlying species phylogeny (Susoy et al. 2016). (C) dS value of each 1:1 ortholog between P. pacificus
and P. exspectatus were mapped on the P. pacificus chromosomes with a running mean for each window (in blue).
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that the dS values are lower at the chromosome centers and are
higher at chromosome arms. In their analysis of evolutionary rates
in Arabidopsis, Yang and Gaut (2011) proposed at least three non-
exclusive processes to explain variation in divergence, which are a
nonuniformly distributed mutation rate, codon bias, and popula-
tion genetic processes such as background selection. We ruled out
mutation rate and codon bias as the main processes behind this
variation, because mutation accumulation line experiments in
P. pacificus and other nematodes did not provide evidence for
mutation rate biases (Denver et al. 2012; Weller et al. 2014) and
the strong positive correlation between dN and dS (Spearman’s
rho= 0.63 with a P<2−64) limits the role of codon bias, thus leav-
ing background selection as a plausible explanation. Further, since
the spatial distribution of age classes coincided with the dis-
tribution of dS and previous analysis of evolutionary constraint
suggested old genes to be under stronger selection (Fig. 4B), we hy-
pothesized that differences in proportion of age classes may cause
the impression of slower evolving chromosome centers and faster
evolving chromosome arms.

Young genes evolve more rapidly

Finally, wewanted to testwhether chromosomal location via back-
ground selection or the genes themselves determine the level of
divergence. Therefore, we tested whether the degree of evolution-
ary constraint differs between age classes. To this end, we decided
to look at the ω distribution for different age classes by separating
them into two dS ranges (0–0.4 and 0.4–0.8). Although the lower
dS range should largely capture chromosome centers, the upper
range represents mostly genes at chromosome arms (Fig. 4C). In
both categories, we observe that the old age classes are under
strong purifying selection (Spearman’s rho=0.56, P<2−64) (Fig.
5A,B). Although classification of dS corrected for synonymous
divergence, we also directly compared ω distribution for different
age classes along the chromosomes. Hence, we divided the age
classes into “old” (Age class ix) and “young” (Age classes i–viii)
and then plotted their corresponding ω distribution for a 5-Mb
nonoverlapping window (Fig. 5C,D). Again, we observed that old
genes were under strong purifying selection, whereas young
genes could evolve more rapidly, indicating that it is indeed the
different composition of age classes within a chromosomal region,
which explains the nonuniform divergence across chromosomes
(Fig. 4C).

Further, we quantified the significance of the comparisons of
dS, dN, andω along the chromosomes (Supplemental Fig. S3). These
comparisonswere generally highly significant, supporting the idea
that selection can act on genes individually. We conclude that at
evolutionary time scales, such as the separation between different
Pristionchus species, the major determinant of the amount of evo-
lutionary constraint acting on a given gene is the gene itself.

Discussion

This study was designed to bring the comparativemethod (Harvey
and Pagel 1998) to the phylogenomics of Pristionchus nematodes.
To our knowledge, this is the first comparative phylogenomic
study of nematodes, for which 10 species of a family, including
eight of one genus, were chosen to create a unique ladder-like phy-
logeny so that the focal species always remains under a monophy-
letic clade. In addition, whole-genome sequencing and gene
annotation of each species were done within one laboratory, en-
suring that all genomes are of comparable quality and gene anno-

tations were performed using a single protocol. This demonstrates
the advantage of nematodes, with their species richness and small
genome sizes, in studying various aspects of genome evolution
(Dillman et al. 2015; Hunt et al. 2016; Rödelsperger 2018). Our
findings result in four major conclusions.

First, the unique ladder-like phylogeny of the 10 diplogastrid
genomes enabled us to trace the evolutionary history of the vast
majority of P. pacificus genes, including orphan genes that did
not show any sequence homology outside the diplogastrid family
(Prabh and Rödelsperger 2016). Here, we chose to define age
classes based on orthologous clustering rather than using a phylo-
stratigraphy approach (Domazet-Lošo et al. 2007), because orthol-
ogous clustering methods are able to split large gene families into
broadly shared clusters aswell as clusters that arose by recent dupli-
cation. Since our aim was to study the evolutionary processes act-
ing on young genes irrespective of their origin, we explicitly
include recently duplicated genes that have been shown to under-
go distinct evolutionary dynamics (Katju and Lynch 2003; Long et
al. 2003, 2013; Chen et al. 2010; Pegueroles et al. 2013; O’Toole
et al. 2018). The availability of a chromosome-scale assembly for
our focal species allowed us to map the P. pacificus genes on to
chromosomes based on their age classes (Rödelsperger et al.
2017), revealing that old genes are concentrated at chromosome
centers. This is consistent with the general tendency of novel
genes to cluster in certain chromosomal areas, which has been as-
sociated with other features such as transposons and late replica-
tion timing (Thomas 2006; Juan et al. 2014; Stein et al. 2018).

Second, our data shows that genes of older age classes are ei-
ther more broadly or more highly expressed compared with youn-
ger genes. This trend holds true for every life stage that we looked
at, suggesting that expression levels increase or become broader
with time. Again, this finding is consistent with previous studies
in animals and plants (Baskaran and Rödelsperger 2015; Rogers
et al. 2017; Stein et al. 2018).

The third major conclusion of this study is that although
chromosome arms and centers show different levels of divergence,
this pattern is created by differences in composition of age classes,
which themselves show a variable level of evolutionary constraint.
More precisely, in agreement with previous studies (Chen et al.
2010; Palmieri et al. 2014; Stein et al. 2018), younger age classes
evolve more rapidly than older age classes, indicating that at evo-
lutionary time scales, such as the separation between different
Pristionchus species, selection can act on individual genes indepen-
dent of their chromosomal location.

Finally, we found exceptionally high levels of gene losses in
P. pacificus relative to its most closely related Pristionchus species.
It has been speculated that the genetic hitchhiking of slightly del-
eterious alleles along with favorable alleles at linked loci in regions
of low recombination can degrade gene function, causing tran-
scriptional silencing (Smith and Haigh 1974; Cutter and Jovelin
2015). Loss of genes due to linked selection can be more pro-
nounced in self-fertilizing nematodes like C. elegans, C. briggsae,
and P. pacificus (Thomas et al. 2015) and may at least partially ac-
count for the unusually high number of species-specific lost gene
clusters in P. pacificus. In the case of C2H2-type zinc finger domain
containing proteins (PF13912), we found this gene family to show
a statistically significant depletion in P. pacificus when compared
with either P. exspectatus or P. arcanus. However, the same domain
was previously reported to have undergone the second largest ex-
pansion in P. pacificus relative to C. elegans (Dieterich et al. 2008).
This result not only supports the overall pattern of gene loss in
P. pacificus, but also highlights the necessity of proper taxon
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sampling for understanding the complete dynamics of gene family
size variation at the level of protein domains.

In summary, our study comprehensively characterizes the
evolutionary dynamics of novel gene families at an extremely
high phylogenetic resolution and integrates it into a global picture
of nematode genome evolution. In future, wewould like to exploit
our phylogenomic framework to further investigate the mecha-
nisms that drive the formation of novel genes and to quantify
what fraction of orphan genes can be explained by them.

Methods

DNA extraction, sequencing, assembly, and scaffolding

All nematodes were grown on nematode growth medium (NGM)
plates, and gonochoristic species were inbred (10 generations of

full-sibling inbreeding) before DNA extraction. We rinsed the
plates with M9 buffer and collected worm pellets by slow centrifu-
gation at 1300 rpm for 3min at 4°C. Thenwe followed themethod
described by Rödelsperger et al. (2017) for DNA extraction.
Overlapping andmate pair libraries for P. arcanus and P. giblindavisi
were sequenced and assembled based on the protocol described by
Rödelsperger et al. (2014) for P. exspectatus genome sequencing
(MacCallum et al. 2009). For the seven other species, PCR-free li-
braries were generated with TruSeq DNA PCR-Free Library Prep
kit following the manufacturer’s protocol, and sequencing was
done on Illumina MiSeq. These seven species included P. pacificus
itself, which we chose to resequence and assemble to make the
data sets more comparable. Initial assemblies were constructed
with the DISCOVAR de novo assembler (version r52488; https://
software.broadinstitute.org/software/discovar/blog/). We checked
for E. coli contamination by BLASTN against in-house and NCBI

A B

C D

Figure 5. Young genes evolve more rapidly. (A,B) ω values decrease with age in both the dS ranges, indicating that young genes evolve rapidly and be-
comemore constrained over time. The ω values of 1:1 orthologs between P. pacificus and P. exspectatus of Age class ix (C) and Age classes i–viii (D) in 5-Mb
windows show that young genes are less constrained irrespective of the chromosomal location. For comparison, in both C and D, corresponding windows
on each chromosome have the same color.
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E. coli genomes and removed contaminated contigs after manual
inspection. Finally, scaffolding was done with SSPACE_Basic_
v2.0 (Boetzer et al. 2011) using four mate pair libraries of sizes
1.5, 3, 5, and 8 kb (that were generated with Nextera Mate Pair
Sample Preparation Kit).

Assembly evaluation

To assess the completeness of final assemblies, we calculated the
fraction of raw reads that is represented in each final assembly.
This was done by realigning reads from individual libraries with
BWA (version 0.7.12-r1039) and stampy (version v1.0.21 r1713)
and extracting the fraction of aligned reads from the output of
the SAMtools flagstat program (version 0.1.19-96b5f2294a) (Li
and Durbin 2009; Li et al. 2009; Lunter and Goodson 2011).
Similarly, the SAMtools flagstat output provided information
about the fraction of correctly oriented read paired ends, which
can be interpreted as a measure of correctness. In addition, based
on the realignments, the ambiguous fraction was defined as the
fraction of the genome assembly with apparent heterozygous var-
iant calls (Rödelsperger et al. 2014). Finally, we applied the univer-
sal single-copy orthologs benchmarking (BUSCO, version 3.0.1)
approach as an additional measure for assembly completeness
(Simão et al. 2015). Based on the definition of the BUSCO genes
to be conserved as single copy in >90% of genomes, the effective
maximum score that should be expected would be slightly above
90% and is reached for the P. arcanus (Table 1) genome as well as
the previously published P. pacificus genome (Rödelsperger et al.
2017).

RNA extraction, sequencing, and assembly

Worm pellets for all species were collected by the aforementioned
methods and were immediately resuspended in 10 volumes of
TRIzol. RNA extraction was done with Direct-zol RNA miniprep
kit (Zymo Research), and library preparation was done using
Illumina TruSeq RNA Library Prep Kit v2. Libraries were sequenced
on Illumina HiSeq 3000. We assembled the transcriptome with
Trinity “trinityrnaseq-2.2.0” (Grabherr et al. 2011). For P. pacificus,
we additionally generated a strand-specific transcriptome assem-
bly based on previously published RNA-seq data (Rödelsperger
et al. 2016; Serobyan et al. 2016).

Gene annotation

Initial prediction of protein coding genes was done using both
AUGUSTUS (3.2.2) and SNAP within the MAKER2 (v2.31.8) pipe-
line (Korf 2004; Stanke et al. 2008; Holt and Yandell 2011). Three
iterations of the MAKER2 pipeline were run, in the first run, both
gene finders were trained with the transcriptome assembly of the
given species. In the second run, we generated joint gene models
that were either fully supported by transcriptome data or partially
supported by predictions of the gene finders that were trained dur-
ing the first run (AED_threshold<1). For the final run, we repeated
the second run using gene models resulting from the second
MAKER run of all other species as additional protein homology
data. Additionally, we allowed MAKER2 to retain predicted gene
models without transcriptome or homology evidence (AED_
threshold≤1). ForMAKER2 runs 2 and 3, we usedminimumcontig
length threshold of 2 kb (min_contig=2000). PFAM domains were
annotated by InterProScan-5.19-58.0 (Finn et al. 2017). To visual-
ize the distribution of genomic features across chromosomes,
P. pacificus protein annotations weremapped to the El Paco assem-
blyofP. pacificuswith theexonerateprotein2genomeprogram(ver-
sion 2.2.0) (Slater and Birney 2005).

Orthology clustering and inference of gene gain and loss

We ran pairwise BLASTP (e-value <10−5) between all species pairs
in our analysis and created orthologous gene clusters with
orthAgogue and MCL (both programs were run with default set-
tings) (Enright et al. 2002; Ekseth et al. 2014). Based on the pres-
ence and absence of genes from different species, each cluster
was segregated into different categories. Based onmaximumparsi-
mony, clusters were classified into age classes, each of which corre-
sponds to a single origin at an internal branch of the phylogeny
(Fig. 1A).

Expression analysis

We mapped stage-specific transcriptome data (10 samples) gener-
ated by Baskaran et al. (2015) to the P. pacificus genome with
TopHat2 (Kim et al. 2013). Then, we computed the expression val-
ues for our P. pacificus gene annotations in each sample using
Cufflinks 2.2.1 (Trapnell et al. 2013). Expression pattern for all
age classes in each sample, mean expression for each gene in all
samples, and mapping of mean expression pattern on chromo-
somes in nonoverlapping windows of 500-kb size were generated
with custom Python scripts (Supplemental Code).

Estimation of evolutionary constraints

Pairwise 1:1 orthologs between P. pacificus and all other species
were extracted by selecting only those clusters that have one
gene each from P. pacificus and the other species. We aligned 1:1
orthologs using MUSCLE (Edgar 2004) and converted the protein
alignments into codon alignments with pal2nal (Edgar 2004;
Suyama et al. 2006). The codon alignments were passed on to
PAML to calculate the rate of substitution at synonymous (dS)
and nonsynonymous sites (dN), and ω (dN/dS) values (Yang 2007).

Statistical methods

To screen for Gene Ontology term enrichment of C. elegans genes
fromclustersmissing P. pacificus genes but having at least one gene
from one of the other two Pristionchus species, we used the func-
tional annotation tool of the DAVID Bioinformatics Resource web-
server (Huang et al. 2009). We performed PFAM annotation
enrichment analysis on the P. exspectatus or P. arcanus genes
from the clusters missing P. pacificus genes by comparing them
with all the other genes from the given species (Fisher’s exact
test). For all enrichment tests, we applied the FDRmethod formul-
tiple testing correction.We used “spearmanr” function from scipy.
stats Python package to calculate correlation between two vari-
ables. The “ranksums” function from the same package was used
to test whether dN, dS, and ω distributions along the nonoverlap-
ping windows of 500-kb size on the chromosomes between young
and old age classes are drawn from the same distribution or show
statistically significant differences.

Data access

All raw sequencing reads and assemblies from this study have
been submitted to the European Nucleotide Archive (ENA; https://
www.ebi.ac.uk/ena) under accession numbers PRJEB22188 and
PRJEB27334, respectively.
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