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Widespread gene fusion artifacts in helminth =&
genome annotations
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Abstract

Background Current helminth genomes possess thousands of predicted fusion genes, encoding novel protein
domain architectures that are unique to these species. To investigate this, we analyzed 20,313 two-domain proteins
annotated in current helminth genomes, of which 10,297 are apparently unique to helminths, and used RNA-seq data
from 20 species of helminth to examine their plausibility as true fusion genes. For comparison, we analyzed a set of
400 high confidence, evolutionarily conserved domain fusions that are present in both helminth and non-helminth
species.

Results Our analysis suggests that, in contrast to genuine fusion genes, the majority of helminth-specific fusion
genes in the 20 species investigated are likely gene prediction artifacts based on several criteria: (1) they show a

lack of correlation between RNA-seq derived expression levels of the first and second “fused” domains, as well as the
interdomain region; (2) they have significantly longer interdomain regions; (3) there is significantly less continuity of
coverage in their interdomain regions consistent with breakpoints in RNA-seq coverage; and (4) they are generally not
supported in de novo transcriptome assemblies.

Conclusions Proteins containing novel domain combinations have been included in widely used sequence and
protein databases, including WormBase ParaSite and InterPro, but the analyses presented here suggest that many
helminth-specific domain fusion proteins are erroneously annotated. These findings emphasize the importance of
using RNA-seq data to validate gene predictions in helminth genomes, especially those with unique structures not
observed in other species. Given the increasing need to accurately identify helminth-specific proteins as therapeutic
targets, the accuracy of proteome annotation in widely used genomic databases is essential.
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Fig. 1 Schematic of domain structures in helminth proteins discussed in this paper. A In this work, we analyze (i) Proteins with two domains that are
evolutionarily conserved and occur widely in both helminth and non-helminthic species, (i) Two-domain proteins that are unique to helminths, and (iii)
Two-domain proteins that are specific to a single species of helminth. B Presence/absence profile showing potential multi-domain ‘hits' for COX-related
proteins, which could represent novel gene fusion events. BLASTP searches identified possible hits for COX subunits and assembly factors: cases where
‘hits’ were identified that did not match the query architecture are shown in black. Proteins of interest include (from inside to outside): cytochrome ¢
oxidase subunits Cox-4, Cox-5a, Cox5b, Cox-6a, Cox-6b, Cox-6¢, and Cox-7¢; COX assembly factors Cox-10, Cox-11, Cox-14, Cox-15, Cox-16, Cox-17, Cox-18,
Cox-19,Sco1, Coa-1, Coa-3, Coa-4, Coa-5, Coa-6, and Coa-7. Species for which RNA-seq data were selected are shown highlighted and in bold on the phy-
logenetic tree. For tree construction methods, please refer to our previous work [26] C Sample of additional domains and their associated functions, found
in architectures with the COX11 domain. C. elegans contains only a single CtaG_Cox11 domain, whereas we identified helminth protein architectures not

found outside of helminth taxa that contain additional domains with functions not associated with COX assembly

Background

Infections by parasitic helminths are currently estimated
to affect one quarter of the human population and have
detrimental impacts on crop and livestock industries [1]
with long term socioeconomic impacts [2]. While mass
drug administration strategies have been implemented
in affected regions, existing anthelminthic agents have
side-effects and can be toxic to the host, as well as envi-
ronmentally damaging. Moreover, an increase in hel-
minth resistance to these agents has made the discovery
of new therapeutic targets essential for efforts to control
human, livestock, and crop infections [2-4]. Indeed,
parasitic infections are increasingly being referred to as
‘re-emerging’ diseases due to new outbreaks in regions
where infection levels were previously under control, as
a result of the changing environmental and sociopolitical
climate [5-7]. For several of the possible approaches to
identifying new therapeutic targets, accurate genome and
proteome annotations for an increasing variety of hel-
minths is essential.

The genome of the free-living helminth, Caenorhab-
ditis elegans, was the first multicellular organism to be
sequenced and subsequent efforts have sequenced the
genomes of a wide variety of parasitic helminths of inter-
est to human health and agriculture, with many draft
genomes now available in online sequence databases [1,
8, 9]. Once sequenced and assembled, helminth genomes
undergo extensive automated and manual annotation
processes, where gene features within a DNA sequence,
such as coding regions, are identified and mapped [10],
typically using reference genomes from related species.
The C. elegans genome has been used to annotate the
genomes of other nematodes, although its usefulness is
limited due to its free-living life cycle and the amount of
species-specific genetic information found in helminths,
associated with parasitic life cycles and host environ-
ments [1, 8, 11, 12]. Draft genomes can then be used
to predict helminth proteomes, which are functionally
annotated based on the domains or domain superfamilies
found within proteins, using tools such as InterProScan
and associated Gene Ontology terms [8, 13-16].

Protein domains represent fundamental units of pro-
tein structure, function, and evolution [17-19] and can
exist on their own in single domain proteins, or can occur

in larger, more complex multidomain proteins (see Fig.
1A). The amino- to carboxy-terminal order of domains is
referred to as the ‘architecture’ of a protein [20-22] and
most proteins are modular and have multiple domains,
which allows for the generation of complex proteins
from a limited overall number of domain structures [23,
24]. Within a multidomain architecture, the function of
a given domain is believed to be largely conserved but
may be modified or specialized when it occurs in a larger
architectural context. Determining the overall function
of a multidomain protein requires considering the func-
tions of all the component domains and how they might
influence each other [25].

Recent genomic analysis of helminths has identified a
surprising number (n = 14,596 in 81 species, Coghlan et
al. 2019) of apparent fusion genes encoding novel pro-
tein domain architectures not observed in other taxa.
Possible mechanisms for the acquisition of novel protein
domain architectures in helminths include gene fusions,
modification of splicing patterns, extension of exons into
non-coding regions, exon shuffling, retrotransposition,
and horizontal gene transfer [27, 28]. From an evolution-
ary standpoint, shuffling domain architectures allows
new functions to be added to existing proteins without
the need for the de novo generation of entirely new pro-
teins [29, 30]. For example, the addition of domains to a
protein may result in “moonlighting” functions, where a
protein can function in multiple biological pathways, and
change functional roles depending on subcellular local-
ization, cell type, oligomeric state, and/or concentration
of ligands/substrates/cofactors.

Despite the widespread evolutionary role of domain
shuffling and gene fusion in creating novel protein
domain architectures, there are reasons to be cautious.
The accuracy of these predicted fusions is highly depen-
dent on the quality of genome assemblies and annota-
tions being analyzed [31], and unfortunately, there is no
universally agreed upon ‘gold standard’ method for these
processes in helminths [2, 11, 32]. There are also a num-
ber of technical challenges in genome sequencing and
assembly that are uniquely associated with helminths: (1)
adult life cycle stages occur within hosts, making it dif-
ficult to obtain intact and uncontaminated samples, and
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earlier free-living life cycle stages are microscopic, envi-
ronmentally resistant, and extraction of sufficient quanti-
ties of DNA for sequencing reactions is difficult [10, 32];
and (2) obtaining enough DNA for a sequencing reac-
tion often requires either a whole genome amplification
step (which risks the introduction of sequencing bias),
or the pooling of information from multiple members of
a species, which leads to difficulties in assembly due to
the diversity and heterozygosity of helminth populations
[32]. Indeed, genome annotation errors have been shown
to occur within helminth datasets, including fragmented
gene models and genes that have been incorrectly merged
[10]. Functional annotations are also subject to error, as
sequence divergence can result in a failure to detect con-
served domains [16]. Furthermore, an estimated 47% of
helminth gene families are currently lacking functional
annotations, with many helminth proteins considered
‘hypothetical’ or ‘putative; and few experimental proto-
cols that can validate the predictions [1, 10, 11, 32].

Given the numerous potential sources of genome
annotation error in helminth proteomes and inconsistent
biological functions seen in examples of apparent fusion
genes (described further in Results), we wondered about
the validity of the thousands of domain architectures that
are proposed to be unique to helminth proteomes. Build-
ing on our previous comparative proteome analysis of
helminths [26], we performed a comprehensive analysis
of 20,313 two-domain proteins annotated in current hel-
minth genomes, of which 10,297 are helminth-specific.
We elected to investigate two-domain proteins as they
represent the simplest class of multidomain proteins,
which allowed for the investigation of domain organiza-
tion without the confounding complexity of larger archi-
tectures. We measured the extent that these gene models
are supported by transcriptomic datasets, comparing
helminth-specific fusions to a set of genuine fusion genes
that are evolutionarily conserved beyond helminths. Our
results strongly suggest that the majority of helminth-
specific fusion genes are artifacts and have likely resulted
from gene prediction errors, which need to be addressed
in future genome annotations for hundreds of helminth
species.

Methods

RNA-seq data

All RNA-seq data for this project was obtained from the
NCBI Sequence Read Archive [33], using the SRA toolkit
v.3.0.7 [34] to retrieve 21 previously published helminth
RNA-seq datasets [35—43]. Please refer to Supplemental
Table S1 for a list of datasets and associated publications.
Technical reads and reads that failed to pass quality fil-
tering were removed, and files were converted to FASTQ
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format. FastQC v.0.12.1 [44] was used for quality control,
and only datasets that passed all basic statistics were uti-
lized. Adapter trimming was performed using Trimmo-
matic v.0.39 [45] and HISAT2 v.2.2.1 [46] was used to
align reads to reference coding sequences obtained from
WormBase Parasite [8, 9, 47-55]. Samtools v.1.18 [56]
was used to produce sorted, indexed .bam files for visual-
ization using IGV v.2.17.1 [57].

Identification of two-domain proteins unique to helminths
In our previous work [26], PfamScan [58] v1.6 (database
35.0) was used to annotate the proteomes of 155 spe-
cies of helminth. A list of all architectures in these spe-
cies was generated and filtered to only include protein
architectures with two domains (see Supplemental Table
S2, which were individually investigated using Inter-
Pro v104.0 [13] to generate a list of two-domain archi-
tectures unique to helminths (See Supplemental Table
S3). This list was further subdivided into architectures
seen in multiple species of helminths (referred to as the
helminth-specific dataset, see Supplemental Table S4,
and architectures only seen in one species of helminth
(referred to as the species-specific dataset, Supplemental
Table S5). Transcripts matching these two-domain archi-
tectures were then identified in the species with RNA-seq
data using our PfamScan annotations.

Identification of evolutionarily conserved two-domain
architectures

We additionally generated a comparison dataset of evo-
lutionarily conserved architectures that contain two-
domains. Candidate metabolic proteins were identified
from the following KEGG pathways [59]: carbohydrate
metabolism, the tricarboxylic acid cycle, the pentose
phosphate pathway, the glucuronate pathway, pyruvate
metabolism, fatty acid metabolism, energy metabolism,
glycerolipid metabolism, steroid metabolism, unsaturated
fatty acid metabolism, alpha-linolenic acid metabolism,
arachidonic acid metabolism, sphingolipid metabolism,
ether lipid metabolism, glycerophospholipid metabolism,
pyrimidine metabolism, purine metabolism, and amino
acid metabolism. These proteins were then found in C.
elegans using WormBase [9], and run through PfamScan
[58] to identify those with two-domains. To ensure that
only evolutionarily conserved proteins were included,
these two-domain architectures were checked against
InterPro [13], and only architectures found in more than
1000 proteins were retained (see Supplemental Table S6.
Transcripts that match these two-domain architectures
were then identified from our PfamScan annotations for
the 21 species for which we had RNA-seq data (see Sup-
plemental Table S7).
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Comparing evolutionarily conserved two-domain proteins

and those unique to helminths

To compare the datasets of two-domain proteins, we
extracted the following information from the RNA-seq
.bam files for each transcript: transcript length, total
number of reads mapping to that transcript, and average
read length. Transcripts with fewer than 10 reads overall
were dropped from the dataset. PfamScan [58] annota-
tions were used to identify the start and stop positions of
the two domains and the interdomain region, and pysam
software (version 0.23.3, 60) was used to extract the aver-
age read count of these regions, normalized to the length
of the region. Read counts were transformed by log(1 +
x), and transcripts with O reads each in domain one, the
interdomain region, and domain two were removed. See
Supplementary Table S7 for the dataset of evolutionarily
conserved two-domain proteins, Supplementary Table S4
for the helminth-only two-domain proteins, and Supple-
mentary Table S5 for the species-specific proteins.

To assess the correlation between the average read
counts in regions of interest, scatterplots were produced
for each dataset, comparing average read counts in
domain one and domain two. A correlational coefficient
and associated p value was calculated for each dataset,
and Fisher’s Z-test was used to compare the correlational
coefficients.

The average interdomain lengths from each dataset
were additionally compared. Group differences for these
three datasets were assessed using a Kruskal-Wallis test,
and pairwise comparisons were performed using Tukey’s
HSD test with a family-wise error rate correction for
multiple comparisons.

RNA-seq profiles were also investigated for places
within the architectures of interest where the read cov-
erage drops to zero. This was addressed in two different
ways. First, for each position (x) within the interdomain
region, the number of reads spanning (x-1) to (x+1) was
counted, and the maximum and minimum values from
these were plotted. Correlational coefficients were com-
pared using Fisher’s Z test.

Second, we looked at consecutive base positions for
continuity of coverage. For each position between the
first and last ten positions in the proteins of interest, the
read depth was calculated at that position (x) and the
next base (x + 1). The reads spanning these junctions
were then divided by the read depth at these positions to
produce a ratio: values close to 1 represent continuous
coverage at consecutive positions, and a ratio of O repre-
senting an abrupt change in the number of reads between
two consecutive bases. Only proteins with more than 20
reads overall were included to ensure sufficient cover-
age to identify genuine breakpoints as opposed to gaps
in coverage in genes with low expression overall. For the
purposes of this investigation, positions with more than
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five reads at either position, and with a ratio below 0.1,
are considered breakpoints. Adjacent breakpoints were
collapsed into ranges with their ratios averaged. As the
number of breakpoints across the datasets were not nor-
mally distributed, a Kruskal-Wallis test was used to assess
the number of breakpoints in the three protein datasets.
All pairwise comparisons were performed using Tukey’s
HSD test with family-wise error correction for multiple
comparisons. All statistical analysis was performed using
the SciPy stats module, version 1.16.3 [60].

Preliminary linear regression model

A preliminary linear regression model was trained on
the dataset of evolutionarily conserved two-domain pro-
teins using SciKit-Learn [60], and was then applied to the
dataset of two-domain proteins unique to helminths and
species-specific proteins. The average read count in the
first domain was used as a predictor variable for the aver-
age read count in the second domain. Residuals, z-scores,
and p-values with a Benjamini-Hochberg correction for
each transcript in the helminth-only and species-specific
two-domain protein datasets can be found in Supple-
mentary Tables S4 and S5.

De novo transcriptome assembly

To further investigate the authenticity of the publicly
available predicted proteomes on WormBase Parasite,
we performed de novo transcriptome assembly for all
species in our dataset. The FASTQ files with adapters
removed for species in our dataset were assembled into
de novo transcriptomes using SPAdes version 4.2.0 [61].
Where more than one dataset was present for a given
species, we elected to use the oldest life cycle stage. The
newly generated transcriptomes were then turned into
searchable BLAST+ databases [62]. BLASTn searches
were performed for the two-domain architectures from
the helminth-specific and species-specific architectures
from these organisms with an E value threshold of 1E-6
and percent identity threshold of 95%. BLAST ‘hits’
shorter than 50% of the query protein were also removed.
To verify that the remaining ‘hits’ were representative of
predicted two-domain proteins, TransDecoder version
5.7.1 [63] was run on the contigs containing the ‘hits;
and PfamScan version 1.6 [64] was used to predict the
domains of these proteins. The BLASTn ‘hits’ were cross
referenced with the PfamScan results to ensure that the
architecture of the ‘hit’ was identical to the architecture
of the query protein.

Comparing transcriptome assembly to other methods of
detecting authentic annotations

The results obtained from newly generated transcrip-
tomes were then compared to the other features inves-
tigated (interdomain length, continuity of interdomain
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coverage, breakpoints, preliminary linear regression
model) to assess how well these features were able to pre-
dict whether a protein had transcriptomic support. The
dataset of helminth- and species-specific two-domain
proteins from the five species used for transcriptome
generation was utilized here. Eight possible predic-
tor variables were tested, including short interdomain
lengths (<50, < 100, and <200 base pairs), the ratio of
maximum to minimum reads spanning positions within
the interdomain region (>0.1, > 0.2, > 0.3), and having
zero or fewer than one breakpoint.

Each predictor variable was assessed individually: a
confusion matrix was generated, and accuracy, precision,
recall (sensitivity), and F1 score were calculated to assess
predictive performance. A chi-squared test of indepen-
dence was used to evaluate the statistical association
between each predictor and the transcriptomic evidence
outcome. Additionally, a univariate logistic regression
model was fitted to each predictor variable to estimate
the strength of association, expressed as odds ratios (OR)
with corresponding p-values.

Results and discussion

Existing helminth proteomes contain unusual domain
architectures that are not supported by RNA-seq

The International Helminth Genomes Consortium previ-
ously identified 14,596 combinations of domains unique
to helminth taxa [1]. Similarly, in our previous work
investigating the absence of COX subunits and assem-
bly factors in helminths, we identified many proteins
related to COX in helminths with different domain archi-
tectures when compared to the C. elegans versions of
these proteins. 440 identified assembly factors from 155
helminth proteomes were found to possess not only the
expected COX domains present in the canonical forms
of these proteins, but also additional domains unrelated
to COX assembly (see Fig. 1B Supplemental Table S8).
One possibility is that these proteins could be the result
of gene fusions, as novel domain combinations have been
described in helminths [1].

As an initial motivation for this work, we were particu-
larly interested in protein architectures unique to hel-
minths that involve CtaG_Cox11, the functional domain
from Cox-11 (Fig. 1C), as we recently reported novel
COX11 mutations in a case of inherited mitochondrial
disease [65]. Cox-11 localizes to the inner mitochondrial
membrane [66, 67], and is involved in the delivery of cop-
per ions to an assembling COX holoenzyme [68-70]. In
C. elegans, Cox-11 has one Pfam domain, CtaG_Cox11
(PF04442). We identified 15 architectures in other hel-
minths that contain not only the Cox-11 domain, but also
additional domains not present in the C. elegans Cox-11
ortholog (Fig. 1C). Surprisingly, none of these additional
domains share either their function or their subcellular
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localization with the CtaG_Cox11 domain, nor do they
have any relation to COX assembly. In addition, based on
InterPro and Pfam databases, none of the Cox-11 domain
combinations were observed in proteomes outside of
helminth taxa. For a more detailed list of architectures
involving CtaG_Cox11 domains, as well as multidomain
architectures identified for other COX-related proteins,
please refer to Supplemental Table S8.

Before planning wet lab experiments to investigate
the potential functionality of some of these apparent
multidomain Cox-11 proteins, we explored a selection
of previously published helminth RNA-seq data avail-
able on the Sequence Read Archive [33] to determine
whether these multidomain fusions are supported by
transcriptomic data (see Supplemental Table S9). We
initially focussed on a putative Cox-11 protein we iden-
tified in Trichinella spiralis. This protein contains the
expected CtaG_Cox11 domain, but additionally has two
PFK domains, which are the functional domains found in
phosphofructokinase [13], a cytosolic enzyme involved in
glycolysis [66]. Notably, PFK domain functions in a dif-
ferent pathway and is found in a different cellular com-
partment from CtaG_Cox11. As shown in RNA-seq read
coverage plots (Fig. 2), the single-domain Cox-11 gene
from C. elegans (Fig. 2A) had even coverage along the
full-length of the gene and encoded protein sequence. In
contrast, the putative multi-domain fusion protein in 7.
spiralis showed significant variation in expression levels,
including regions of high coverage and segments where
coverage levels drop to zero (Fig. 2B); these patterns were
observed in RNA-seq data from both T. spiralis newborn
larva and adult life cycle stages. A clear breakpoint in
RNA-seq read coverage exists between the second PFK
domain and the CtaG_Cox11 domain, suggesting that
this gene model has incorrectly fused two separate tran-
scripts, and that this may be a result of either sequencing
or annotation error.

Constructing a dataset of apparent fusion genes in
helminth proteomes

To analyze the RNA-seq coverage patterns of helminth
gene fusions on a larger scale, we began by constructing a
dataset of all two-domain architectures found in the pro-
teomes of 155 helminth species (see Fig. 3A for methods
summary). In total, we identified 20,313 architectures
in these species that are comprised of two domains (see
Supplemental Table S2. Using the InterPro database [13],
we determined that 10,297 (51%) of these two-domain
architectures are exclusive to one or more helminth
species and absent outside of helminth phyla (Fig. 3B,
see Supplemental Table S3 for a full list of two-domain
architectures unique to helminths). We then further sub-
divided the set of two-domain architectures into those
found in multiple species of helminth (helminth-specific
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Fig. 2 RNA-seq read coverage for two helminth genes encoding CtaG_Cox11 domain-containing proteins. Domains identified by PfamScan are shown
above the coverage plots. A Transcript JC8.5a in C. elegans. This transcript and a splice variant, JC8.5b, are the only two proteins in C. elegans that contain
the CtaG_Cox11 domain and have been annotated as Cox-11 proteins in WormBase Parasite. B Transcript TO1_7959.1 from T. spiralis, in both newborn
larva (NBL) and adult (AD) life cycle stages. This transcript and its four variants are the only instances of the CtaG_Cox11 domain in the T. spiralis proteome;
all contain two copies of the PFK domain. The dotted lines indicate breakpoints where no reads span both sides of the breakpoint location

protein dataset), and architectures found only in a single
species of helminth (species-specific protein dataset). For
each species (n = 155), we quantified the total number of
proteins unique to helminths in that proteome. Species
were then grouped by clade according to the phyloge-
netic tree shown in Fig. 1B. For each clade, we calculated
the mean number of proteins unique to helminths by
averaging the species-level counts within that clade.
As shown in Fig. 3B, two-domain architectures unique
to helminths are distributed across all major helminth
clades with an average of 76, 43, 54, 75, in the clade [, III,

IV, V nematodes respectively, and an average of 35 in the
platyhelminths.

As a comparison dataset of genuine fusion genes, we
constructed a set of high-quality, evolutionarily con-
served two-domain proteins found in both helminth
and non-helminth species. We identified 400 metabolic
proteins from KEGG [59] that contain two-domains
in C. elegans, and for which there are also more than
1,000 proteins with identical architectures in InterPro
[13]; see Supplemental Table S6. These two-domain pro-
teins are much less likely to be the result of sequencing
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or annotation artifacts as they are found in many well-
studied organisms, allowing them to serve as a compara-
tor group for assessing the authenticity of helminth- and
species-specific multi-domain proteins.

Helminth fusion genes have unusual sequence features
and transcriptional behaviour compared to conserved
fusion genes

We obtained published RNA-seq datasets from the NCBI
Sequence Read Archive [33] for 20 species of helminth,
as well as C. elegans. We recognize that this approach
only represents a fraction of the available helminth tran-
scriptomes and results in a dataset dominated by Trichi-
nella species. However, our aim with this work was not to
exhaustively document every potential gene fusion arti-
fact across all helminth species with available sequenc-
ing data, but rather, to highlight the issue of potential
annotation errors, providing a framework for experts
in helminth assembly and annotation to revisit existing
datasets. In the predicted proteomes of these species,
we found 7,144 proteins with architectures found only in
helminths (see Supplemental Table S4, 855 proteins with
species-specific architectures (Supplemental Table S5)

and 7,955 proteins (Supplemental Table S7) with highly
conserved architectures. For these proteins, we compared
the expression level (average normalized read count) for
each of the two domains (see Fig. 1A). We hypothesized
that genuine fusion genes should have similar expression
levels for both domains, whereas this would not neces-
sarily be the case for artifactual fusion genes since their
two domains might be encoded by separate transcripts.
Consistent with this hypothesis, the expression levels
of both domains from evolutionarily conserved fusion
genes were highly correlated (R* = 0.807, n = 7,773, Fig.
4A). In contrast, expression levels of both domains from
helminth-specific proteins were not highly correlated (R?
= 0.268, n = 7,144, Fig. 4B). Furthermore, the domains
of species-specific fusion genes had even lower correla-
tion (R? = 0.111, n = 914, Fig. 4C). The difference in cor-
relation between the conserved fusion genes and the
helminth-specific and species-specific fusion genes was
highly significant according to Z-tests (p = 0 for both
comparisons).

As a further means to comparing the evolution-
arily conserved, helminth-specific, and species-specific
datasets of two-domain proteins, we were interested
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in assessing the continuity of the RNA-seq read cover-
age profiles, which was achieved in two different ways.
First, we looked at the interdomain region specifically
by counting the number of reads spanning each posi-
tion within the region. We theorized that for accurately

annotated proteins, the ratio between the maximum and
minimum number of reads here would be close to 1 and
would be highly correlated on a scatterplot. Consistent
with this hypothesis, the evolutionarily conserved pro-
tein dataset was strongly correlated (R?=0.714, Fig. 4D),
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and 17% of genes had a minimum read count of 0. The
helminth specific proteins (R*=0.116, 67% of genes
where minimum read count =0, Fig. 4E) and species-spe-
cific proteins (R*=0.039, 85% of genes where minimum
read count=0, Fig. 4F) had much lower degrees of cor-
relation. The difference in correlation between the con-
served two-domain genes and the helminth-specific and
species-specific genes was highly significant according to
Z-tests (p=0 for both comparisons). There was addition-
ally a weakly significant difference between the helminth-
and species-specific datasets (p = 0.02759).

As a second method to assess continuity of coverage,
we investigated the RNA-seq read coverage profiles,
looking for locations across the protein where coverage
levels drop close to zero, such as the breakpoints indi-
cated in Fig. 2B. We defined breakpoints as positions
with a normalized read coverage of below 0.1, represent-
ing a significant drop in coverage across a junction while
allowing for some background noise. The number of
breakpoints was counted for all genes in our dataset with
>=20 mapped reads (see Fig. 4G). The evolutionarily
conserved fusions had significantly fewer breakpoints
(mean=0.96, n=7663) than both the helminth-specific
and species-specific datasets; the species-specific two-
domain proteins had significantly more breakpoints
(mean =2.98, n=3825) than the helminth-specific proteins
(mean =1.74, n=7084).

Next, we hypothesized that artifactual fusions may
deviate from true fusion genes in the length of the gap
separating both domains. We therefore measured the
interdomain distances of proteins in our dataset (Fig. 4H).
Indeed, evolutionarily conserved proteins were found
to have shorter interdomain lengths (mean=180 bp)
than two-domain proteins unique to helminths
(mean=1851 bp) and the helminth species-specific pro-
teins (mean=691 bp). The interdomain lengths of the
helminth-specific two domain proteins were significantly
longer than those of the other two datasets (p<0.001);
the interdomain lengths of the species-specific proteins
were also significantly longer (p<0.001) than those of
the evolutionarily conserved proteins. Taken together,
our analyses reveal striking differences between the evo-
lutionarily conserved two-domain proteins and the hel-
minth- and species-specific two-domain proteins, which
could represent surprisingly widespread misannotations
with respect to putative fusion proteins in the currently
available helminth genome databases.

We also considered whether the RNAseq expres-
sion profiles that resemble gene fusion artifacts could
arise from pre-mRNA polycistronic transcripts prior
to undergoing spliced leader (SL) trans-splicing, which
is an interesting feature of some helminth transcripts.
SL trans-splicing adds a spliced-leader exon from an
independently transcribed SL RNA, to the 5’ end of a
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pre-mRNA transcript [71], which might also explain the
observed internal breakpoints. To assess the possibility
of SL trans-splicing, we compared our list of helminth-
specific two-domain proteins to the full registry of platy-
helminth SL trans-splicing acceptor sites provided in
Calvelo et al. (2025) [71]. We looked at the overlapping
species between our dataset and Calvelo et al’s, (Echino-
coccus multilocularis) and found no overlap between our
candidate fusion-artifact genes and the genes supported
by SL-bearing reads in their dataset. Although this test
is limited to one species, the complete absence of over-
lap suggests that SL trans-splicing is unlikely to account
for the majority of cases we identify. Moreover, even if a
subset were influenced by trans-splicing, this would still
highlight a broader issue: current annotation pipelines
may not reliably distinguish true coding sequences from
chimeric or polycistronic transcriptional units in hel-
minth genomes.

Visualization of example fusion gene artifacts

In the scatterplots shown in Fig. 4B and C, data points
that are far from the y=x line represent proteins whose
domains have the largest differences in expression level,
indicative of gene prediction artifacts. To identify these
quantitatively, we built a linear regression model of D1
versus D2 expression level for evolutionarily conserved
two-domain proteins and then applied this model to
score the helminth-specific and species-specific data-
sets (see Supplementary Figures S4 and S5 for residual
scores). Based on the residuals, we were able to score all
two domain proteins unique to helminths based on their
deviation from expected behaviour, facilitating identifica-
tion of likely gene prediction artifacts.

To further visualize the differences between our evo-
lutionarily conserved proteins and those unique to hel-
minths, we examined the RNA-seq coverage plots for a
subset of proteins using IGV [57]. Figure 5A provides a
sample RNA-seq profile of a randomly selected, evolu-
tionarily conserved two-domain protein: clearly, there
are no visible breakpoints in the expression profile, nor
are there any places in the transcript where the number
of reads drops to zero. The interdomain length is very
short, at only 14 bp. By contrast, Fig. 5B displays a sam-
ple expression profile from the helminth-specific two-
domain architectures, containing a COX-related domain
(COX16) with an unrelated domain (PTH2) and featur-
ing a longer interdomain region (416 bp) and a clear
breakpoint in the coverage profiles where there are no
reads mapping. Interestingly, Pfam does not identify any
domains in the first segment of the protein, although this
is the region with the highest expression levels. Although
the breakpoint does not occur between the two pre-
dicted domains, this protein has clearly been incorrectly
annotated.
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Fig. 5 Sample two-domain proteins from the evolutionarily conserved and helminth-only datasets. A Transcript T03_15976.1 from T. britovi mid-stage
larva. PfamScan identifies two domains in this protein, Ldh_1_N and Ldh_1_C, separated by an interdomain region of 14 bp. B Transcript T03_10406.1
from T. britovi mid-stage larva. This protein contains a COX16 domain combined with a PTH2 domain, separated by an interdomain region of 416 bp

We additionally looked at the IGV profiles for 20 of
our helminth-specific two-domain proteins, which we
determined to be artifactually annotated as having two
domains (see Supplemental Figure S1). These proteins
were identified based on having the lowest degree of
correlation between their normalized read counts in
the two domains. The interdomain lengths of these pro-
teins ranged from 35 to 800 bp and all transcripts had at
least one obvious breakpoint in their expression profiles.
These proteins had highly variable expression levels, like
the profile displayed in Fig. 5B.

De Novo transcriptome assembly distinguishes between
authentic and erroneous two-domain proteins

Next, we reasoned that authentic two-domain proteins
should be far more likely to be validated by assembled
transcripts than artifactual fusion genes. To investigate
this, we utilized the same RNA-seq datasets to gener-
ate de novo transcriptomes. After performing de novo

transcriptome assembly using SPAdes [61], BLASTn was
used to search the assembled transcripts for the coding
sequences of the evolutionarily conserved, helminth-
specific, and species-specific two-domain proteins pres-
ent in these organisms as queries. E-value and percent
identity thresholds were set at 1E-6 and 95% respectively;
additionally, only BLASTn ‘hits’ that were greater than
50% the length of the query protein were investigated
to maximize the chance of finding genuine two-domain
proteins in the new transcriptome. Once contigs contain-
ing sequence ‘hits’ were identified, open reading frames
were predicted, and PfamScan was then used to further
verify whether the predicted proteins contained the
expected two domains. A query two-domain protein with
a BLASTn ‘hit’ that met these criteria, and for which the
‘hit’ contained the appropriate domains, was considered
as having transcriptomic support.

Of the BLAST ‘hits’ of adequate length, 61% of the two-
domain evolutionarily conserved proteins were identified
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in the transcriptome, whereas only 14% of proteins in
the helminth-specific dataset were supported. From the
two-domain proteins in the helminth-specific dataset
which had transcriptomic support, we identified 43 non-
redundant architectures (see Supplemental Table S9).
Strikingly, only 0.1% of the species-specific two-domain
proteins had BLASTn ‘hits’ in the transcriptome (Fig. 6).
We also compared the transcriptomic results to the
predictor variables investigated earlier: interdomain
length, the ratio of maximum to minimum number of
reads spanning the interdomain regions, and the num-
ber of breakpoints in the expression profiles. Predictive
performance was tested for each of these variables inde-
pendently using a confusion matrix and chi-squared test
of independence. We first tested interdomain length
to determine whether shorter lengths were predictive
of transcriptomic support. Interdomain lengths of less
than 50, 100, or 200 bases were assessed individually. A
length of less than 50 bases provided the most accurate
predictive performance (accuracy=0.67, F1=0.35, odds
ratio=2.04, precision=0.44 recall=0.29, p<0.00000),
although longer thresholds (<100 and <200 bp) had
higher F1 scores and stronger odds ratios. We also eval-
uated the ratio of the maximum and minimum num-
ber of reads spanning positions in the interdomain
region. Having a ratio greater than 0.1 (accuracy=0.73,
F1=0.68, odds ratio = 17.94, precision = 0.54, recall = 0.90,
p<0.00000) and greater than 0.2 (accuracy=0.75,
F1=0.68, odds ratio = 13.95, precision = 0.56, recall = 0.86,

p<0.00000) were strongly predictive of having transcrip-
tomic support, with moderate predictive power overall.
A ratio greater than 0.3 was also predictive, though less
strongly (accuracy=0.75, F1=0.66, odds ratio=10.27,
precision =0.56, recall =0.80, p < 0.00000). We performed
a similar analysis for breakpoints in expression profiles:
having no breakpoints was associated with increased
odds of transcriptomic support (accuracy=0.70,
F1=0.57, odds ratio=4.82, precision=0.51, recall =0.64,
<0.00000).

Conclusions

Based on the analyses presented here, the expected char-
acteristics of a correctly annotated two-domain protein
are: (1) relatively even read coverage across the length of
the protein; (2) short interdomain length; (3) consistent
coverage across the interdomain region with the ratio of
the maximum and minimum number of position span-
ning reads being close to 1; and (4) no breakpoints in the
expression profile. Collectively, these features could be
used to assess whether a novel two-domain architecture
has been correctly annotated; in the absence of transcrip-
tomic data, the interdomain length between predicted
domains could be used as a preliminary screen for puta-
tive annotation artifacts. Although we only considered
two-domain architectures, there could also be a signifi-
cant number of artifacts among transcripts with larger
numbers of domains, as seen with the transcript shown
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in Fig. 2B, which is annotated as containing two PFK
domains and a CtaG_Cox11 domain.

Our analyses of a selection of publicly available RNA-
seq data clearly reveal unexpected anomalies in genome
assembly annotations and underline the challenges
associated with both current technical and informatic
approaches and the need for more precise curation of
the resultant databases. The data presented suggest that
the list of two-domain architectures unique to helminths
contains a significant proportion of artifacts, perhaps
as high as 86%, based on our analyses. Proposed novel
architectures should therefore be investigated on a case-
by-case basis, and new architectures found in multiple
species should be considered questionable until addi-
tional data can confirm their accuracy. Having accurately
annotated helminth proteomes is essential to under-
standing helminth metabolism, and its divergence from
the hosts, which is an important first step towards the
development of novel anthelminthic agents.
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