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ABSTRACT

Genes embed their evolutionary history in the form
of various alleles. Presence–absence variants (PAVs)
are extreme cases of such alleles, where a gene
present in one haplotype does not exist in another.
Because PAVs may result from either birth or death
of a gene, PAV genes and their alternative alleles, if
available, can represent a basis for rapid intraspecific
gene evolution. Using long-read sequencing tech-
nologies, this study traced the possible evolution
of PAV genes in the PD1074 and CB4856 C. elegans
strains as well as their alternative alleles in 14 other
wild strains. We updated the CB4856 genome by fill-
ing 18 gaps and identified 46 genes and 7,460 iso-
forms from both strains not annotated previously.
We verified 328 PAV genes, out of which 46 were C.
elegans-specific. Among these possible newly born
genes, 12 had alternative alleles in other wild strains;
in particular, the alternative alleles of three genes
showed signatures of active transposons. Alterna-
tive alleles of three other genes showed another type
of signature reflected in accumulation of small inser-
tions or deletions. Research on gene evolution using
both species-specific PAV genes and their alternative
alleles may provide new insights into the process of
gene evolution.

INTRODUCTION

Genetic variation shapes gene sequences from their birth to
their death. Gene duplication and divergence are the most
representative examples through which one functional gene
is duplicated in multiple copies via segmental or whole-
genome duplication so that the copied genes acquire diver-
gent sequences and new functions (1–4). A new gene can

also be born in a non-genic region through a process in
which non-genic transcripts acquire open reading frames
and functions, which is called de novo gene birth (4–12).
Conversely, genes may disappear as genetic variation dis-
rupts their functions or deletes the entire gene sequences, re-
sulting in gene death (4). These concepts have advanced our
understanding of how genes are newly born or vanished, but
details of these events remain elusive in a short time scale at
the intraspecific level.

Mutations are clearly the main cause of gene birth and
death. Single-nucleotide variants (SNVs) or small indels in
functional genes may cause a pseudogenisation process that
destroys their gene function (13). Large mutations, which
result in structural variants, may lead to the disappear-
ance of entire genes (14–20). De novo gene birth by muta-
tion has been thoroughly studied in various organisms such
as C. elegans, fruit fly, rice and yeast (10,12,21). Inter- or
intra-species gene/pseudogene comparison served to con-
firm that some newly generated mutations allow pseudo-
genes to acquire new open reading frames, leading to new
gene formation. However, most previous studies have fo-
cused on comparing alleles with similar gene/pseudogene
structures, rather than those with very different structures
caused by large mutations, possibly because of technical
limitations.

A type of genetic variants, presence–absence variants
(PAVs), is represented by genes present in some genomes
but absent in others within the same species (14). PAV genes
might be fast-evolving genes, as they are able to reflect
gene birth or death (22). In addition, PAV genes may con-
tribute to adaptation to changing environments, including
pathogen infection, antitumor-agent synthesis or disease re-
sistance in plants as well as immunity in animals (15–19).
Recently, another case of gene evolution was also analysed
using PAVs in several molluscs (20). Thus, PAVs may pro-
vide evidence of how genes evolve, but some of their char-
acteristics make it difficult to precisely identify PAVs. PAVs
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typically do not contain conserved or essential genes as they
should not have a disruptive loss-of-function mutant phe-
notype, thus homology-based gene prediction may fail to
detect such orphan genes. High-quality genome assembly
and evidence-based gene annotation methods can be em-
ployed, but stereotypical sequencing techniques are based
on short-read sequencing technologies that sometimes re-
sult in fragmented genomes and do not cover full-length
transcripts. Advances in long-read sequencing technologies
resolve these limitations and allow detecting PAVs at the
population level (23–25).

Caenorhabditis elegans is a model organism suitable for
identifying PAVs at the population level. It has a small
genome of 102 Mb, and hundreds of wild strains are iso-
lated and cryopreserved (26–28). In a previous study, genes
absent in 12 wild strains, including CB4856, but present in
the reference strain were discovered; however, genes present
specifically in these strains could not be identified at the se-
quence level because the authors used a hybridisation-based
method (29). Long-read sequencing-based high-quality ge-
nomic resources are resolving these technical limitations,
thus providing the opportunity to better understand PAVs
in C. elegans populations. For instance, a clonal selection-
descendant strain of the N2 reference strain, PD1074, was
established to eliminate mutations accumulated in N2 and
its high-quality genome containing only two gaps was com-
pleted (28). Moreover, the genome of CB4856––a geneti-
cally divergent strain from the reference strain––was com-
pleted at the pseudo-chromosome level, and high-quality
genomes of 14 wild strains were also assembled (30,31).
These high-quality genome assemblies further clear the
way to determine which genes represent PAV genes in C.
elegans and identify their alternative alleles, which could
lead to clarifying the processes of possible gene birth or
death.

Here, we analysed C. elegans-specific PAV genes and
their alternative alleles in order to infer possible scenar-
ios of gene evolution within a given species. We identified
previously non-annotated genes and transcripts from both
PD1074 and CB4856 genomes using long-read RNA se-
quencing. We analysed the possible gene birth time points
of PAV genes between PD1074 and CB4856 by character-
ising whether they are Caenorhabditis lineage-specific or
C. elegans-specific and showed that C. elegans-specific PAV
genes and their alternative alleles identified from 14 C. ele-
gans wild strains manifest snapshots of gene evolution such
as complex small insertions and deletions (indels), active
transposon signatures and gene duplication and divergence
signatures. In summary, the analysis of alternative alleles
of the PAV genes within a given species could be a useful
tool to understand clues of gene evolution occurring within
short time periods.

MATERIALS AND METHODS

C. elegans strains and maintenance

C. elegans worms belonging to two strains, PD1074 and
CB4856, were cultured under standard culture conditions
(32,33).

Genomic DNA extraction and Oxford Nanopore Technolo-
gies sequencing

Mixed-stage worms of the CB4856 strain grown at 20◦C
were harvested and washed 5 times with M9 buffer.
Worms were lysed in Cell Lysis Solution from The Gentra
Puregene® Cell and Tissue Kit (Qiagen) with 0.1 mg/mL
proteinase K and 1% �-mercaptoethanol at 55◦C for 2 h. We
purified DNA three times using phenol/chloroform extrac-
tion and ethanol precipitation coupled with phase-lock gel
to minimise DNA shearing. DNA dissolved in TE buffer
was treated with 10 �g/mL RNase for 2 h after the first
extraction and precipitation step. DNA was treated with
the Oxford Nanopore Technologies (ONT) SQK-LSK109
library preparation kit and the DNA library was sequenced
using FLO-MIN106.

Total RNA extraction and Pacific Biosciences sequencing

To obtain as many different transcripts as possible, we com-
bined RNA samples from worms grown at three different
temperatures. First, mixed-stage worms of both PD1074
and CB4856 strains were grown at 15◦C, 20◦C or 25◦C.
Each sample was separately harvested with M9 buffer.
Worms were incubated in M9 with rotation for 30 min
to remove bacteria in the gut and washed three times
with M9. Worms collected in a volume of about 200 �L
were treated with 2 mL of TRIzol solution and subse-
quently disrupted by six freeze-thaw cycles. RNA was ex-
tracted with chloroform/isopropanol precipitation. Each
RNA sample was quantified and samples collected at three
different temperatures of each strain were pooled in equal
amounts. Macrogen (South Korea, https://www.macrogen.
com/en/main) conducted RNA library preparation and Iso-
Seq using the Pacific Biosciences (PacBio) Sequel System.

Gap filling in the CB4856 genome

We conducted basecalling of long-read DNA sequencing
reads and trimming of adapter sequences using Guppy
basecaller (version 3.4.1) with the default setting. We ex-
tracted reads > 20 kb and aligned them to the CB4856
genome (Supplementary Table S1) (30) using Minimap2
(version 2.17; minimap2 -ax map-ont) (34). The selected
reads were then filtered based on their primary alignments
using Samtools (version 1.9; samtools view -f 0 × 10 -q 2 or
samtools view -q 2) (35). The filtered reads were aligned to
the CB4856 genome again using Minimap2 and gap-filling
reads were confirmed by visualising their alignments using
NUCmer and mummerplot from MUMmer package (ver-
sion 4.0.0 beta2) (36) and Gnuplot (version 5.0, patch level
3). We collected the reads that aligned to both flanking con-
tigs of gaps and manually replaced reference sequences with
their corresponding gap-filling read sequences (Supplemen-
tary Table S3).

Iso-Seq data processing

We used the IsoSeq package (version 3.3.0) to pro-
cess Iso-Seq data (https://github.com/PacificBiosciences/
IsoSeq SA3nUP/). First we generated circular consensus
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sequences (CCS) using CCS (version 4.2.0; ccs –min-rq 0.8
–min-passes 1) and removed library-prep-primers, poly(A)
tails and artificial concatemers using lima (version 1.11.0;
lima –isoseq –dump-clips –peek-guess) and IsoSeq (ver-
sion 3.3.0; isoseq3 refine –require-polya). After clustering
and polishing full-length reads using IsoSeq (version 3.3.0;
isoseq3 cluster –verbose –use-qvs), we aligned high-quality
full-length non-concatemer reads to the PD1074 genome
(WS274) or the CB4856 genome using Minimap2 (version
2.17; minimap2 -ax splice -uf –secondary = no -C5, -O6,24
-B4) (Supplementary Table S1) (34). Finally, we extracted
5′ non-degraded isoforms using cDNA Cupcake ToFU
scripts (version 12.0.0, collapse isoforms by sam.py –dun-
merge-5-shorter and filter away subset.py; https://github.
com/Magdoll/cDNA Cupcake) (37,38).

Transferring gene annotations from the PD1074 genome to
the CB4856 genome using LiftOver

To annotate genes of CB4856, we conducted a chain
alignment process between the CB4856 and PD1074
genomes using the same-species liftover construc-
tion method (http://genomewiki.ucsc.edu/index.php/
Same species lift over construction) from UCSC (39).
Referring to the method of Yoshimura et al. (28), tar-
getChunkSize and queryChunkSize were modified from
10,000,000 to 22,000,000 and a typographical error was
corrected from ‘B = `basename [ file]’ to ‘B = `basename [
file]`’. The PD1074 gene annotation contained genes lifted
from the reference N2 gene annotation and genes predicted
based on the PD1074 genome. We only transferred PD1074
gene annotations (WS274) that originated from the N2
genome as they were better validated (liftOver -gff).

Annotation of isoforms obtained by Iso-Seq

We annotated 5′ non-degraded high-quality full-length
isoforms using SQANTI3 (version 1.1; sqanti3 qc.py –
aligner choice = minimap2 –fl count) (37). We used the
PD1074 genome and its N2-origin gene annotations as well
as the CB4856 genome and transferred gene annotations
as references for the SQANTI3 analysis. Then, we cate-
gorised the annotated genes as follows: known genes with
only known isoforms, known genes with newly detected iso-
forms, newly detected gene candidates and fusion or non-
curated genes.

Validating newly detected genes and their protein identity

We built BLAST databases of the PD1074 genome, CB4856
genome, N2 transcriptome (WS274; mRNA, ncRNA,
pseudogenic and transposon transcripts), PD1074 tran-
scripts (WS274) and our PD1074 long-read transcripts
(Supplementary Table S1). After identifying and mask-
ing out low complexity parts of the sequences using
DustMasker (version 1.0.0; dustmasker -infmt fasta -
parse seqids -outfmt maskinfo asn1 bin), we built BLAST
databases using Makeblastdb (version 2.7.1+; makeblastdb
-input type fasta -dbtype nucl -parse seqids). We then filtered
out newly detected gene candidates from the SQANTI3
results by searching their CCS read sequences in all

databases stated above (BLASTn version 2.7.1+; de-
fault setting with e-value < 0.001). Finally, the validated
gene sequences were searched using the NCBI BLASTp
database (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=
Proteins) and WormBase BLAST/BLAT tool (https://
wormbase.org/tools/blast blat) to determine their protein
identity and using Batch CD-search (https://www.ncbi.nlm.
nih.gov/Structure/bwrpsb/bwrpsb.cgi) to identify any con-
served domains (40).

Identifying PAVs and determining their characteristics

Genomic sequences of the PD1074 genes annotated by
SQANTI3 and non-transferred genes by LiftOver of the
PD1074 gene annotations, were analysed in the CB4856
genome database using BLASTn (version 2.7.1+; blastn
for sequences > 50 bp or blastn -task blastn-short for
sequences ≤ 50 bp) to identify PD1074-specific genes.
CB4856-specific genes were identified by searching genomic
sequences of the CB4856 SQANTI3 results in the PD1074
genome database. We considered PAVs as all genes from
each strain that did not exhibit any significant identity in
BLAST search results.

We searched these PAVs in the genomes of other 14
wild strains (DL238, ECA36, ECA396, JU310, JU1400,
JU2526, EG4725, JU2600, MY2147, NIC2, NIC526,
QX1794, MY2693 and XZ1516), whose resource informa-
tion is compiled in Supplementary Table S1 (31). We first
indexed each genome database for the 14 wild strains us-
ing Makeblastdb (version 2.7.1+; makeblastdb -input type
fasta -dbtype nucl-parse seqids). After performing a BLAST
search (BLASTn version 2.7.1+; default setting with e-
value < 0.001) with the genomic sequences of PAV genes,
we classified our PAVs status in each strain according
to their coverage in BLAST results for the correspond-
ing strain as follows: no significant identity––absence,
significant identity with coverage ≥ 90%––presence, in-
between––alternative. Raw data are summarised in Supple-
mentary Tables S12 and S13.

These strain-specific protein-coding genes were also
analysed against the NCBI protein database and the Batch
CD-search database to identify any similarity to known
protein or domain sequences. We used only genes with
e-value < 0.001 and categorised them as genes that have
significant identity with genes of C. elegans, Caenorhabditis,
other organisms and none of them. For PD1074-specific
genes, we also tested whether they have known RNAi
phenotypes using the SimpleMine tool in WormBase
(https://wormbase.org//tools/mine/simplemine.cgi) (41).
The phenotypes were confirmed through literature search
(42–48).

Genetic relatedness

A VCF file containing 963,027 biallelic SNVs from a previ-
ous study (31) was filtered for 16 wild C. elegans strains and
converted to the PHYLIP format. The distance matrix and
pseudo-rooted (XZ1516) neighbour-joining tree were cre-
ated from this PHYLIP file using dist.ml and the NJ func-
tion using the phangorn (version 2.5.5) R package. The tree
was visualised using the ggtree (version 1.16.6) R package.
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Table 1. Statistics of the Kim genome and the Lee genome for the CB4856 strain.

CB4856 genome (PacBio CLR + Illumina reads) CB4856 genome + ONT reads

(Kim genome (30)) (Lee genome, this study)

Number of bases (bp) 102,914,785 102,934,386
Contigs 76 58
Gaps 69 51
N50 contig size (bp) 2,786,967 3,615,580
Maximum contig size (bp) 9,650,681 9,650,681
Minimum contig size (bp) 13,928 13,928

Identifying alternative alleles in wild strains

Alternative alleles present in wild strains were identified
by searching for presence alleles of our PAV genes in the
genome assemblies of the 14 wild strains (31). The pres-
ence allele sequences included UTR regions. Because the
searched sequences were partial in the 14 genome assem-
blies, we defined the alternative alleles as the searched se-
quences and their flanking sequences extended to the length
of unsearched regions in the corresponding presence alle-
les. We obtained the coverage of each alternative allele by
aligning their sequences to the N2 genome (WS279) using
the BLAST/BLAT tool of WormBase (https://wormbase.
org/tools/blast blat) (49).

Identifying genes that are coding in one strain, but non-coding
in the other strain

To identify pairs of non-coding transcripts and their coding
counterparts in PD1074 and CB4856, we used non-coding
transcripts validated by our long-read RNA sequencing
data. These non-coding transcript sequences of PD1074
and CB4856 were searched in genomic sequences of each
other, by using BLASTn (version 2.7.1+; e-value < 0.001,
coverage ≥ 90%, and identity ≥ 95%). We only used sub-
set of these non-coding and coding gene pairs by filtering
out non-coding genes that had any coding transcripts in
the same strain and coding genes that were not covered by
its non-coding counterparts (coverage ≥ 50%). These final
coding and non-coding gene pairs were used to determine
whether or not the non-coding transcripts had start and
stop codons and whether any part of the coding sequence
was different from its counterpart non-coding sequence in
terms of SNPs, structural variants, and splicing variants.

RESULTS

Updating the CB4856 genome with ONT long reads

Because precise identification of PAVs partly depends on
genome quality, we first updated the previously published
CB4856 genome (30) by filling gaps between contigs with
ONT long-read DNA sequencing data. We obtained 57-fold
coverage of DNA sequences with a read length N50 of 4,284
bp and a total read length of 5.9 Gb (Supplementary Ta-
ble S2 and Supplementary Figure S1A). To maximise the
benefits of long-read sequencing, we used only long reads
with over 20-kb read length and aligned the resulting 12,982
reads to the CB4856 genome (Supplementary Table S2 and
Supplementary Figure S1B). We found 27 reads able to con-
nect two flanking contigs around the gaps and filled 18 gaps

with these reads (Supplementary Table S3 and Supplemen-
tary Figure S2). We updated the previous CB4856 genome
composed of 76 contigs with a 103-Mb genome made of 54
contigs (Table 1). We used this updated genome for further
analyses.

Discovery of previously non-annotated genes in PD1074

After filling nucleotide gaps, we processed the long-read
RNA sequencing data obtained by a PacBio Iso-Seq plat-
form to identify genes that are not annotated previously,
but can be detected by using full-length transcripts. First,
we generated 14 million raw reads of PD1074 (total 30
Gb, N50 2.7 kb) and processed these reads to obtain
8,630 high-quality, full-length and unique transcripts char-
acterised by non-degraded 5′ end, poly(A) tail and polished
sequences (Figure 1A, Supplementary Table S2 and Supple-
mentary Figure S1C). These high-quality transcripts cor-
responded to 6,218 genes (Figure 1A) out of which 4,045
contained only known isoforms, but 1,916 genes contained
non-annotated isoforms of previously known genes (Sup-
plementary Table S4). A total 3,021 isoforms were newly
detected, while 177 genes did not match any known gene an-
notation and were therefore categorised as newly detected
gene candidates (Supplementary Table S4). These several
thousands of newly detected isoforms support the hypoth-
esis that our long-read RNA sequencing data were suitable
for detecting non-annotated transcripts.

Among the newly detected transcripts, 42 corresponded
to genes belonging to the ribosomal RNA cluster located on
the right end of chromosome I (Supplementary Figure S3).
Their full-length transcripts were longer than those of pre-
viously annotated genes (50), suggesting that our long-read
data properly annotated true gene sequences of previously
fragmented genes.

We further validated the 177 newly detected gene candi-
dates comprising 182 full-length transcripts to narrow down
the list of true undetected genes which do not contain any
known sequence. We searched for them across the known
transcript sequences of PD1074 and its ancestral strain, N2,
using BLASTn (Figure 1A). We found that 10 non-coding
and 2 coding genes did not match any sequence in BLASTn
search (Figure 1A and Supplementary Table S5).

To characterise the protein identities of the two coding
genes, we searched for their protein sequences in the NCBI
protein database and found that the first candidate encoded
by PB.PD.4262 was similar to hypothetical proteins of other
Caenorhabditis species (Supplementary Table S5). However,
the second candidate encoded by PB.PD.6031 had no sig-
nificant similarity with any protein sequence within the

https://wormbase.org/tools/blast_blat
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Figure 1. Schematic overview of data analysis to identify previously non-annotated genes and chromosomal distribution of strain-specific genes. (A and B)
Computational workflows for finding previously non-annotated genes of (A) PD1074 and (B) CB4856 using long-read RNA sequencing. PacBio Iso-Seq
data were processed using IsoSeq3 to produce high-quality full-length transcripts, SQANTI3 to extract newly detected gene candidates by comparing the
transcripts with known PD1074 transcripts and BLASTn to verify the candidates by searching for them in either (A) the N2 and PD1074 known gene
databases or (B) the N2 and PD1074 known gene databases supplemented with our long-read PD1074 transcripts database. (C and D) Chromosomal
distribution of (C) PD1074- and (D) CB4856-specific genes.

database (Supplementary Table S5). This observation im-
plies that PB.PD.6031 may have been newly born in C. ele-
gans.

Almost all PD1074 genes have homology in the CB4856
genome

We compared genes between PD1074 and CB4856 by trans-
ferring well-annotated gene information from PD1074 to
the CB4856 genome (39). Out of 19,954 protein-coding and
26,290 non-coding PD1074 genes, 18,071 (90.6%) protein-
coding and 24,992 (95.1%) non-coding genes were trans-
ferred to the CB4856 genome (Supplementary Table S6).
Only 0.2% of the transferred genes were found on differ-
ent chromosomes and 68.5% of these transcripts were trans-
ferred from the PD1074 chromosome V to the CB4856

chromosome II (Supplementary Table S7), which is con-
sistent with previously reported data on this translocated
region (30). In total, 6.9% of the PD1074 genes were not
transferred and 33% of these transcripts were located on
the PD1074 chromosome V (Supplementary Tables S6 and
S7), possibly resulting from small rearrangements in chro-
mosomes V between PD1074 and CB4856 (30,31).

Discovery of previously non-annotated genes in CB4856

We additionally generated long-read RNA sequencing data
for CB4856 and reported previously non-annotated tran-
script information. We processed 14 million raw reads (total
30 Gb, N50 2.6 kb) and obtained 10,043 high-quality, full-
length and unique transcripts using PacBio Iso-Seq meth-
ods (Figure 1B, Supplementary Table S2 and Supplemen-



6 NAR Genomics and Bioinformatics, 2022, Vol. 4, No. 2

tary Figure S1D). These processed transcripts belonged
to 6,314 genes (Figure 1B and Supplementary Table S4);
among them, 3,296 genes contained only known isoforms,
2,369 genes contained non-annotated isoforms, and 471
genes were categorised as newly detected gene candidates
(Supplementary Table S4).

These newly detected gene candidates of CB4856 were
further validated using BLAST searches against N2 and
PD1074 known transcripts and our PD1074 long-read tran-
scripts, as some of them might exist in the PD1074 genome
even if not transferred. Among the 471 candidates, we de-
termined that 26 protein-coding and 8 non-coding genes,
including 54 transcripts, were true newly detected genes as
they had no significant matches to any known transcript
(Supplementary Table S8). Most of these newly detected
protein-coding genes were similar to other proteins of either
C. elegans or other Caenorhabditis species, but PB.CB.1096,
PB.CB.2931 and PB.CB.3084 were found to encode pro-
teins never reported previously because their protein se-
quences had no significant similarity with any protein se-
quence in the NCBI database (Supplementary Table S8).

PAVs were mainly located in hyper-divergent genomic regions

On the basis of these updated transcript data, we identi-
fied PAVs differing between PD1074 and CB4856 by com-
paring PD1074 transcripts to the CB4856 genome to ob-
tain PD1074-specific genes and vice versa for discovering
CB4856-specific genes. Considering PD1074, we found that
117 protein-coding and 188 non-coding genes, containing
331 transcripts, were PD1074-specific genes and of them,
239 PAVs were not found in the previous report that used a
hybridisation method (Supplementary Tables S9 and S11)
(29). We also analysed whether these PAV genes are lo-
cated in genetically hyper-divergent regions in C. elegans
(31). These regions exhibit mega base-level haplotypes iden-
tified by SNVs of 609 wild strains and occupy approxi-
mately 20% of the C. elegans genome. We found that 67%
of PD1074-specific genes (204 out of 305) were located in
hyper-divergent regions (Supplementary Table S9), suggest-
ing that hyper-divergent regions are variable not only at
SNV level but also at PAV level. Additionally, 96 genes were
found on the right arm of chromosome V, further support-
ing that this location can be susceptible to rapid changes
both between and within species (Figure 1C and Supple-
mentary Table S9) (30,31,50). For CB4856, we found 21
protein-coding and two non-coding CB4856-specific genes
(Supplementary Tables S10 and S11), most being localised
on chromosomes II and V (Figure 1D and Supplementary
Table S10).

We analysed potential functions of these PAV genes by
comparison with known RNAi phenotypes (41). Because
C. elegans RNAi phenotypes have been studied in the N2
background but not in the CB4856 background, we had
an opportunity to investigate only PD1074-specific genes.
Among the 117 PD1074-specific protein-coding genes, 11
were reported to have various RNAi phenotypes such as
embryonic lethality, reduced brood size, growth variants,
oocyte development defects, accumulated cell corpses, pro-
tein aggregation variants and hypersensitivity to cadmium
and Bacillus thuringiensis toxins (Supplementary Table S9)

(42–48). Although cadmium hypersensitivity was examined
in CB4856 as well, this strain showed a similar hypersensi-
tivity response to that of N2 (51).

Most PAVs were common in C. elegans wild strains but not
conserved in other nematodes

In the succeeding experiments, we investigated whether
the discovered PAVs were prevalent in natural populations
by searching for our PAV sequences in other high-quality
genome assemblies among the reported 14 C. elegans wild
strains (31). We confirmed that 211 (64.3%) of our PAVs ex-
hibited presence–absence patterns in other wild strains (Fig-
ures 2A-B and Supplementary Tables S12 and S13). Specif-
ically, all the CB4856-specific genes derived solely from
full-length transcript data had almost identical sequences
(>90% of identity) in ≥ 1 wild strains (4.9 strains on av-
erage) (Figure 2B and Supplementary Table S13). These
results suggest the possibility that the discovered CB4856-
specific genes were not artefacts that emerged specifically
from our CB4856 genome assembly, but the genuine genetic
variants shared among natural C. elegans populations. Con-
versely, among the total 305 PD1074-specific genes, 208 had
almost identical sequences in ≥ 1 wild strains (8.4 strains
on average), but the remaining 97 genes did not match to
any wild strain (Figure 2A and Supplementary Table S12).
Whether these 97 genes were born during PD1074 domes-
tication or if they are present in other wild strains not used
in our study needs to be verified further. Interestingly, 58
PD1074-specific genes and 9 CB4856-specific genes exhib-
ited ≥ 10% genomic difference in ≥ 1 wild strains, as com-
pared to our PAV sequences, suggesting that these genomic
regions are still rapidly changing (Figures 2A-B and Supple-
mentary Tables S12 and S13). We also analysed the genetic
distance of the 14 wild strains, but there was no notable con-
cordance between genetic distance and PAV patterns (Fig-
ures 2A-B, Supplementary Figure S4). We further tested
whether these PAV genes have similar patterns with selective
sweep in C. elegans. However, only 23% of PD1074-specific
genes (70 out of 305) were located in selectively swept re-
gions (46.2% of genomic regions); the PAV patterns of only
0.7% (2 out of 305) were the same as their selective sweep
patterns, suggesting that these PAV patterns did not result
from selective sweep in C. elegans.

Thereafter, we examined whether PD1074- and CB4856-
specific genes were conserved in other species at the pro-
tein level by comparison with the NCBI protein database.
Among 117 PD1074- and 21 CB4856-specific protein-
coding genes, protein sequences of 75 PD1074- and 16
CB4856-specific genes exhibited at least partial similarity to
proteins of other Caenorhabditis species and, among these
genes, 24 PD1074- and 7 CB4856-specific genes matched
to the corresponding protein sequences of other nematodes
(Figures 2C-D and Supplementary Tables S14 and S15).
Specifically, 4 PD1074- and 1 CB4856-specific genes were
only conserved in C. inopinata, the close relative species of
C. elegans, but not in other Caenorhabditis species (Supple-
mentary Tables S14 and S15), suggesting that these genes
have emerged from a common ancestor of C. elegans and C.
inopinata. Intriguingly, proteins encoded by the remaining
41 PD1074- and 5 CB4856-specific genes had no significant
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Figure 2. Homology searches for PAV genes to identify alternative alleles and C. elegans-specific protein-coding genes. (A and B) Presence–absence patterns
of (A) PD1074-specific and (B) CB4856-specific genes in 14 wild strains. The y-axis represents (A) 306 PD1074-specific and (B) 23 CB4856-specific genes
and the x-axis represents wild strains. Red or blue fields indicate if a gene is present or absent in the corresponding strain, respectively. White fields indicate
that an allele of a wild strain has substantially different sequences from alleles present in either PD1074 (A) or CB4856 (B) but still possesses > 10%
homology sequences. Schematic illustrations of a neighbour-joining tree among the wild strains (A and B) generated from segregating sites. NIC2 is the
one most closely related to N2 and PD1074, and DL238 is the one most closely related to CB4856 (red arrows). (C and D) Protein homology search results
for (C) PD1074- and (D) CB4856-specific protein-coding genes. Each number means that the discovered genes have similarity with proteins belonging to
C. elegans, other Caenorhabditis species or other organisms.
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similarity with any protein sequence in the database, except
some C. elegans proteins and protein domains, suggesting
that they are newly born genes in C. elegans (Figures 2C-D
and Supplementary Tables S9, S10, S14 and S15).

Alternative alleles of PAV genes may provide evidence of new
gene formation

We assumed that the discovered C. elegans-specific PAV
genes were recently born through de novo gene birth and, if
this was correct, other alleles in the C. elegans wild strains
would have signatures of rapid gene evolution, because al-
leles without a specific gene variant (‘absence’) should have
gained coding capacities to become ‘presence’ alleles. We
analysed whether these C. elegans-specific 46 PAV genes
have alternative alleles, besides presence and absence alle-
les, among previously published high-quality genome as-
semblies of 14 C. elegans wild strains. We found that 34 PAV
genes exhibited only either presence or absence alleles in all
14 genomes, but the remaining 12 PAV genes had alterna-
tive alleles partially aligned to the corresponding presence
alleles (Figures 3A-C, Supplementary Table S16 and Sup-
plementary Figure S5).

Because these alternative alleles may reflect distinguish-
able events of gene birth or pseudogenisation, we analysed
the corresponding presence and alternative alleles in de-
tail. First, the alternative alleles of six genes showed high
similarity with other annotated genes (>31.5% coverage,
>80% identity) and these annotated genes also showed high
similarity with the corresponding presence alleles (>46.7%
coverage, >86% identity), implying that these genes may
have been generated through gene duplication and diver-
gence. Among the other six genes, alternative alleles of
Y46C8AL.11, Y43F8B.22 and PB.CB.5376 were charac-
terised by several small fragments (approximately 50 bp).
These small fragments exhibited no similarity with pres-
ence alleles but possessed high similarity to some other se-
quences in the N2 genome (Supplementary Figure S5 and
Supplementary Table S16). We could not find any trace
of either duplication or exon shuffling for these alternative
alleles, which suggests that their corresponding genes had
evolved through extensive indels by unknown mechanisms.

Alternative alleles of the remaining three genes, C40D2.4,
Y113G7A.12 and PB.CB.5378.1, exhibited characteristic
signatures of transposon action. C40D2.4 had five different
alternative alleles and its presence allele was found next to
the sequences of the HELICOP1 transposon. No sequence
of this transposon flanked the alternative alleles and the
sequences of three of them were composed of partial se-
quences of C40D2.4 and its closely located genes (F59H6.15
or F59H6.9) or non-genic regions possibly derived from
transposon jumping out (Figure 3C). Moreover, an alterna-
tive allele of JU2526 was found to contain partial sequences
of another transposon, CELE14B, between inverted par-
tial C40D2.4 sequences and inverted flanking F59H6.15 se-
quences (Figure 3C). The presence allele of Y113G7A.12
was found to contain transposon sequences included in
the TIR23T5A CE family. In the two alternative alleles of
Y113G7A.12, a transposon sequence was missing and only
a partial 3′ UTR region of Y113G7A.12 remained. These
partial sequences were also fragmented into two parts and

partial sequences of CELE46A transposon and repeat se-
quences of the N2 genome were found located between the
two parts of the 3′ UTR region, presenting an evidence for
active transposons. PB.CB.5378.1 also had two different al-
ternative alleles. Its presence allele had no transposon se-
quences; however, one alternative allele contained 1.2-kb
transposon sequences of the Tc3 family, and the other alter-
native allele contained 80-bp transposon sequences of the
CELE46B family (Figure 3D). These results suggest that
active transposons have affected either birth or pseudogeni-
sation of these three genes.

Non-coding genes and their coding counterparts revealed an-
other mechanism of gene birth and death

We hypothesised that some genes may be coding ones in
one strain, but non-coding in the other strain, as coding
genes can be pseudogenised into non-coding genes and
non-coding genes can be newly born to become coding
genes. We first collected valid non-coding transcripts in
PD1074 or CB4856 in our long-read RNA sequencing data,
and searched their coding gene counterparts in the other
strain (Supplementary Table S17). We found that a to-
tal 14 PD1074 and 4 CB4856 non-coding genes did not
have any coding transcript in the corresponding strain, but
had coding genes in the other strain. Four out of the 18
genes were previously classified as nematode-specific pep-
tide gene. Among the 18 genes, 11 PD1074 and 2 CB4856
non-coding genes contained mismatches or indels in exons
of their coding gene counterparts. In addition, 3 PD1074
and 1 CB4856 non-coding genes exhibited an additional
feature of gene birth or death, that is, loss of start codon.

DISCUSSION

How genes are born and die is an important question in
evolutionary genetics, but the answer remains elusive, be-
cause this process requires a long time to be fully elucidated.
Here, we tried to glimpse into how genes evolved by using
genetic resources of C. elegans wild strains and long-read
sequencing technologies to finely resolve their variations.
Specifically, we used 46 species-specific PAV genes and al-
ternative alleles of some PAV genes to identify rapid gene
evolution snapshots of gene birth and death because these
genes might have been newly born in C. elegans and not
fixed to presence alleles. Of these genes, 34 did not show
any homology at either protein or domain level with other
species; therefore, they may not be genes formed by gene
duplication, segmental duplication or whole-genome dupli-
cation events, in addition to insertion events of the active
transposon (52–54). Unfortunately, we could not find any
evidence to understand how these 34 genes have evolved.
However, we found that the remaining 12 C. elegans-specific
protein-coding PAV genes have alternative alleles in other
wild isolates. Six out of these genes had similarities to other
annotated genes, suggesting that these genes have been gen-
erated by gene duplications and changed by mutations. The
reason why gene duplication is a major mechanism to pro-
duce C. elegans-specific genes should be further addressed
as it might happen by chance or from the fact that segmental
duplication can produce many genes in a single replication.
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Figure 3. Transposon-mediated allele formation signatures of alternative alleles in two PAV genes. (A, B and C) Schematic allele structure presentation of
alternative alleles of (A) C40D2.4, (B) Y113G7A.12 and (C) PB.CB.5378.1. (D) Jumping out of the transposon HELICOP1 may produce different alleles
of C40D2.4. HELICOP1 transposon (grey block) is located next to the presence allele (left black vertical bars in the central black line) but far from other
alternative alleles in DL238 and ECA36. The alternative alleles have partial sequences of C40D2.4 and F59H6.15 or F59H6.9. One of the three alleles of
JU2526 contains inverted partial sequences of C40D2.4 and inverted flanking sequences of F59H6.15. These sequences, belonging to two different regions,
are connected by another transposon, CELE14B, instead of HELICOP1. (E) In the two alternative alleles of Y113G7A.12, 3′ UTR sequences flank the
sequences of the CELE46A transposon and a repeat region. (F) An alternative allele of PB.CB.5378.1 in ECA396 contains partial original gene sequences
and Tc3 family transposon, which do not reside near the original gene in CB4856.
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Figure 4. Models of PAV gene evolution. (A) A new gene formation or
gene loss process by transposon insertion. (B) A new gene formation or
gene loss process by transposon jumping out. (C) New gene formation or
pseudogenisation by small indels. Changes in nucleotide sequences caused
by small indels lead to birth or death of a gene. Red boxes represent genic
or pseudogenised genic regions. Black right-angle arrows indicate coding
potential of the region. Grey boxes show transposons. Horizontal black
lines represent genomic regions. Green arrows represent gene birth pro-
cesses and purple arrows represent gene loss processes.

On the contrary, alternative alleles of the other six
genes did not exhibit gene duplication signatures, suggest-
ing that they represent early forms generated through de
novo gene birth. Three genes, C40D2.4, Y113G7A.12 and
PB.CB.5378.1, exhibited either transposon-mediated de
novo gene birth or pseudogenisation, similarly to new genes
that have gained transcription factor functions through
transposon insertion, as previously reported in a mam-
malian study (52). However, while this study has shown that
active transposons must be inserted into the existing genes
to become DNA-binding motifs, our study shows that the
potential for gene birth or death can be achieved through
active transposable elements (Figures 4A-B). Transposon
insertion into a genomic region may add new sequences to
existing non-genic sequences, generating a new gene (Fig-
ure 4A). In another case, transposon jumping out from a
genomic region can lead to a fusion between its surround-
ing sequences, creating a new gene (Figure 4B). The other

three genes, which may not result from active transposons,
exhibited another gene evolution process that accumulated
small indels. Although the exact sequential process remains
elusive, alternative alleles containing small indels may reveal
a de novo gene birth process from non-genic, absence alleles
into genic, presence alleles (or a pseudogenisation process,
vice versa) (Figure 4C).

Transposons belonging to the TIR23T5A CE and the
TC3 families found in the presence allele of Y113G7A.12
and an alternative allele of PB.CB.5378.1 are DNA trans-
posons known to be able to transfer to a new part of
a genome through the cut-and-paste mechanism (55,56).
The HELICOP1 transposon, located next to C40D2.4 in
PD1074, is a helitron, which replicates elsewhere in the
genome through the rolling circle mechanism (57). He-
litrons have also been reported to move to new locations
through the cut-and-paste mechanism in maize (58). These
cut-and-paste processes cause double-strand breaks in ar-
eas from where the transposon has been pulled out and
must be repaired by either homologous recombination
or non-homologous end-joining (59). In particular, non-
homologous end-joining may cause small indels, increase
the mutation rate of surrounding sequences and/or insert
substantially large sequences (60–62). This process may
probably contribute to the generation of genes and alter-
native alleles that we found.

Among PD1074-specific PAV genes, 38.7% were found
mainly concentrated on chromosome V, demonstrating that
this chromosome is a hotspot for rapid evolution. Our re-
sults are highly consistent with those reported previously,
implying that chromosomes II and V of N2 contained most
genes deleted in 12 wild strains (29) and that chromosomes
II and V of C. briggsae contained a lower number of orthol-
ogous genes between C. elegans and C. briggsae genomes
(50). In addition, chromosome V of C. elegans has much
more hyper-divergent regions than those of other chromo-
somes (31). Moreover, these characteristics are enriched
in the chromosome arm, consistent with previous findings
showing that many core genes are located in the chromo-
some centre and new genes mainly located on the arm
(50,63). This suggests that higher density of transposable
elements, higher crossover rates or possibly intensive rear-
rangements in the chromosome arms may have contributed
to gene evolution (30,50,64).

Some of the discovered PAV genes could be important
for adaptation to different environmental conditions, as
they are known to exhibit RNAi phenotypes for impor-
tant traits such as embryonic lethality and reduced brood
size, but their absence alleles still exist in different genetic
backgrounds (42–48). Although these results suggest that
PAV-related phenotypes can be detected in the CB4856
strain, we could not verify their phenotypes owing to the
absence of a genome-wide RNAi or a mutant study on
the CB4856 genetic background. One exception was the
cadmium-hypersensitive phenotype. However, a phenotypic
difference in cadmium hypersensitivity was not observed
between N2 and CB4856 (51), implying that the PAV gene
may have unknown epistatic or complement genetic rela-
tionships. If we consider the advantage of powerful reverse
genetics tools developed for C. elegans, we would be able
to define whether PAV-related phenotypic variations exist,
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and if so, we might be able to find the answer on how PAVs
affect such phenotypic variations in different genetic archi-
tectures.

Interestingly, we identified new various isoforms using
long-read RNA sequencing, even though gene annotation
of C. elegans has been updated for over several decades.
Among the reported PD1074 long-read transcripts, 35%
unique transcripts were categorised as previously non-
annotated isoforms, suggesting that many more isoforms
are present in C. elegans, not detected with conventional ap-
proaches. In humans, it is predicted that genes have dozens
to hundreds of isoforms per gene on average (65,66); there-
fore, if we succeed to obtain many more full-length tran-
scripts in a simple organism such as C. elegans, we would
be probably able to identify almost all transcripts, which
would allow for a further understanding and defining what
a gene may represent at the whole species level. In addition,
long-read sequencing technologies are being rapidly devel-
oped, leading to the first complete human genome (67), al-
lowing for highly accurate-long reads (approximately 99.9%
accuracy) (68) and ultra-long reads (approximately 1 Mb of
read length) (69). Soon, it will serve to update current long-
read-based genome assemblies (70) and provide the com-
plete genomes of any species, further improving the pre-
cise annotation of undetected isoforms. Although it is still
difficult to grasp whether alternatively spliced isoforms are
functional, previous studies showed that the expression of
different isoforms may depend on environmental changes,
which are known to affect survival and evolution in vari-
ous organisms (71,72). Thus, it is expected that we can get
a deeper insight into this simple organism by elucidating
under which condition various isoforms are expressed and
what function they have.

In summary, in this study we presented possible processes
that may exist between gene birth and death by examin-
ing presence, absence and alternative alleles of C. elegans-
specific genes. Gene duplication and divergence was found
to be a key mechanism for the formation of new genes,
but alternative alleles accumulating small indels were found
in some genes, while other genes evolved via active trans-
posons. Although the present results are still insufficient to
fully understand the de novo gene birth process, future de-
velopment of high-quality genomes and genetic models of
more diverse wild strains and close relative species of C. el-
egans will enable a precise interpretation of both gene birth
and pseudogenisation processes at much higher resolution.
It will deepen our understanding of how different organ-
isms acquire and discard genes and how they diverge into
different species.
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