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Abstract

Nematodes are important biological models in genetics and
genomics, with research driven by basic biological as well as applied
questions. The presence of holocentric chromosomes, clades with
frequent polyploidy and the phenomenon of programmed DNA
elimination make nematode karyotypic diversity of particular interest.
Here we present a catalogue of published karyotypes of nematode
species, rationalising and normalising descriptions from the previous
135 years. Karyotypes of 257 species are presented in taxonomic
context. Nuclear chromosome counts range from 2 to 60. Tylenchina
is identified as particularly diverse in karyotype. We highlight that
Rhabditida and especially parasitic Rhabditina are well-represented,
but there is a paucity of data from Enoplea, Dorylaimia, and from free-
living marine groups in Chromadorea. The data have been uploaded
to the Genomes on a Tree (GoaT) datasystem
(https://goat.genomehubs.org/) for integration with ongoing, large-
scale genome sequencing efforts.
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Introduction

The phylum Nematoda is predicted to include over 1 million
species, although only ~27,000 have been formally described'.
Nematodes are ecologically important, numerically abundant,
forming the majority of individuals in many marine, fresh-
water and terrestrial sediments’. They are also economically
important as parasites impacting the health of humans, farmed
animals and crop plants’. The Earth Biogenome Project™*
has embarked on a major programme of sequencing to high
quality the genomes of a wide range of eukaryotes as part
of to understand their evolution and diversity, and this neces-
sarily includes nematodes’. Nematode genomes are relatively
compact, ranging from ~20 Mb (Pratylenchus coffeae, one of
the smallest reported animal genomes'’) to ~700 Mb (Heligmo-
somoides bakeri, a mouse gut parasite''). Nematodes display a
range of reproductive strategies, from asexual parthenogen-
esis to male-female sexual, including taxa with bet-hedging
intermediate strategies'”.

One component of the process of genome assembly validation
is assessment of whether the assembly estimate matches the
expected karyotype. This aids materially in confirming the
chromosomal pseudomolecules generated using short- and
long-read data and scaffolded with single-molecule read clouds
or proximity ligation sequence data derived from chromatin
conformation capture methods'®. Analysis of nematode karyo-
types has been critical to biological understanding for over
100 years. Theodor Boveri described the behaviour during
meiosis of the chromosomes of Parascaris equorum, a large
intestinal nematode parasite of horses in 1887', and his obser-
vation of chromatin diminution in this species was critical in
cementing the germline-soma hypothesis'’®>. Aggregative cata-
logues of genome sizes have been constructed for plants (the Kew
database of plant C-values, https:/cvalues.science.kew.org/)'
and metazoans (https://genomesize.com)'’. The Tree of Sex
project has collated karyotypic and reproductive mode infor-
mation for a wide range of taxa'® and databases of chromo-
some counts for plants’” and animals® have been presented.
Focussed analyses have analysed karyotypes of more lim-
ited groups, such as Lepidoptera’’. Nematodes are poorly
served by these databases.

Surprisingly, despite the early exploration of nematodes in
cytogenetics'??, description of over 25,000 species', and the
free-living Caenorhabditis elegans being adopted as a key
genetic model, with a fully sequenced genome”, a highly
resolved genetic map” and a research theme focussed on
chromosomal behaviour during meiosis and mitosis*, nematodes
are absent from the Tree of Sex database'®, and poorly repre-
sented in the Animal Chromosome Counts database®. This is not
due to lack of data, as nematode karyotype determination has
been carried out for 135 years. Collations of nematode karyo-
types have been published previously (Table 1), but these suffer
from being taxonomically restricted and more recently from
not referring to original literature to normalise species names.
Walton collated karyotypes and modes of sex determination
for species of animal parasitic nematodes®. Makino added to
Walton’s data as part of his synoptic Atlas of the Chromosome
Numbers in Animals®, including recording variant counts for
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species. The Animal Chromosome Count Database (https://
cromanpa94.github.io/ACC) represents Nematoda using only
the 35 species from Makino®. Walton enlarged his compilation
in 1959%. Triantaphyllou and colleagues analysed the diverse
reproductive  systems of tylenchine plant parasites, and
their karyotype compilations*’ included both plant- and
animal-parasitic species. Spakulova and colleagues’ reviewed
published karyotypes of animal-parasitic species, adding
recently-published work on Spirurina, and Sofi and colleagues™
reviewed Nematoda as part of a wider survey of parasitic
Platyhelminthes, Acanthocephala and Nematoda.

Nuclear genome sequences are available for over 220 nema-
tode  species  (see  https://www.ncbi.nlm.nih.gov/datasets/
genome/?taxon=6231), and several of these are resolved to
chromosomal pseudomolecules. Analyses of these chromo-
somal assemblies has found that, despite a very high rate of
within-chromosome rearrangement™ and, contrary to expecta-
tions arising from the lack of centromeres in nematode chro-
mosomes, movement of loci between chromosomes and fission
and fusion of chromosomes is relatively rare in Rhabditida®**.
In Rhabditida, chromosome-level assembly data have been
used to define Nigon elements, putative ancestral linkage
groups that have been stable through evolutionary time*. The
exceptions to this general pattern are of great interest in under-
standing the mechanisms that maintain stable karyotypes. In
particular, genera in which chromosome numbers vary widely
and ploidy changes are common offer systems where the
rules of chromosome evolution can be worked out.

Here we have reviewed previous compendia of nematode
karyotypes (Table 1), normalising taxonomic names, and
merging disjunct animal-parasite and plant-parasite lists.
We have added species for which karyotypes have been deter-
mined recently, and added karyotypes inferred from genome
sequencing projects. Because of the frequent linkage between
the presence of specific heterochromosomes and sex, we
have, where known, included information describing the
reproductive mode of the species and the karyotypes associ-
ated with sex determination. We have also noted where pro-
grammed DNA elimination has been reported. The data are
openly available in the Genomes on a Tree environment (https://
goat.genomehubs.org)®, and are being used to better inform
assembly and analyses of nematode genomes.

Methods

We reviewed previous compilations of nematode chromosome
counts (Table 1), and normalised species names to modern
concepts. We searched the literature for records poorly
represented in previous compilations and reviewed recent lit-
erature to add new records. For several species, different or
several chromosome numbers are reported. We reviewed
these, particularly in the Meloidogyninae, and collated both
modal reported number as well as variation (Table 2). We
have noted reproductive modes for each species where known
(Table 2). We use the term “parthenogenesis” to include
all reproductive modes where female organisms are able to
reproduce without the production of sperm or involvement
of males. Where specific information about the mechanistic
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Table 1. Core sources for nematode karyotype data.

Source Taxonomic focus

Walton 1940 Parasitic species in Rhabditida (excluding
Tylenchomorpha) and Dorylaimida, and free
living Rhabditina

Makino 1951 Parasitic species in Rhabditida (excluding
Tylenchomorpha) and Dorylaimida, and free
living Rhabditina

Walton 1959 Parasitic species in Rhabditida (excluding
Tylenchomorpha) and Dorylaimida, and free
living Rhabditina

Roman 1969 Pratylenchus species

Triantaphyllou Heterodera and Meloidogyne species

1971
Triantaphyllou All Nematoda, but with particular focus on plant
1983 parasites (Tylenchomorpha and Dorylaimia)

and animal parasites (Rhabditida and
Triochocephalida).

Curran 1989
Adamson 1989

Steinernema species

Oxyuridomorpha species

Spakulova 2000  Spirurina species

Post 2005 Spiruromorpha species

Sofi 2015 Parasitic species in Rhabditida (excluding
Tylenchomorpha) and Dorylaimida, and free
living Rhabditina

Fradin 2017 Free-living Rhabditina, especially Diploscapter

and related species

Schiffer 2019 Panagrolaimomorpha species

basis of female-only reproduction is known, we have indicated
this.

When reporting karyotypes, we have referenced the origin of
the data from either a recent research paper, an original report,
or one of the major compilations. For the major compila-
tion data, we have not re-visited all sources cited. However,
where compilations disagreed on chromosome number for a
species, we reviewed the original literature cited. We mapped
karyotypes onto a taxonomic tree of the species (Supple-
mentary File 1) derived from NCBI TaxonomyDB. The plot
in Figure | was produced using Interactive Tree of Life™.

Results and discussion

We curated chromosome count data for 257 species (or isolates
identified as likely species), from 95 genera, 42 families, 7
suborders and 4 orders (Table 2; Figure 1). The final species
list was curated from an original list of unique names through
rationalisation of records that used now-retired or syno-
nymised names. Twenty-nine name changes were made. It
may be that further, minor rationalisation is possible.

Comments Reference

Reprinted as Chapter XIII, pp 191-201, in B 26

G Chitwood and M B Chitwood (1974) “An

Introduction To Nematology”, University Park Press,

Baltimore.

Covers all animals; Nematoda data largely based 27

on Walton 1940, with additions and amendments.

English translation of original Japanese edition.

Largely based on Walton 1940. 28
37
29

Reported as summary values by genus and family, ~ 30
with source data in citations. Includes first reports

for some species as pers. comm. from V. Ferris.

Similar data were summarised by Triantophyllou

elsewhere®®
Many isolates are not resolved. to species. 39
Collation of data from Adamson and colleagues 40

and other authors

Collation of data from Walton 1959 with published 31
and new data on additional species

Includes discussion of variant reports and 41
reinterpretation of earlier assessments

Based on Walton 1953 with additional reports from 32
recent literature.

Including genome sequence report 42

Including genome sequence report 43

Twenty-four records were from taxa only identified to genus.
These included several entomopathogenic nematode isolates
(nine  Steinernema and five Heterorhabditis*) and sev-
eral cultured, free-living parthenogenetic rhabditine” and
panagrolaimomorph* strains.

The species assayed had both phylogenetic and biological
biases. Most records were for parasitic species, particularly
animal-parasitic taxa. Most species were from order Rhab-
ditida in class Chromadorea, including members of Rhabdi-
tina, Tylenchina and Spirurina. Very few records (nineteen)
were available for taxa in Dorylaimia and none were found
for Enoplia. We note that while we have attempted to repre-
sent species by the female haploid chromosome number, these
data were not available in all cases. In the genus Meloidogyne
many species are mitotic parthenogens, with karyotypes sug-
gestive of triploidy, tetraploidy or aneuploid variations
thereof. Many nominal Meloidogyne species appear to include
demes with different chromosome numbers, and perhaps
ploidies. It will be revealing to measure ploidy in Meloido-
gyne species using haploid-resolved genome sequences.
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Figure 1. Chromosome numbers of Nematoda. A Distribution of female nuclear karyotypes, grouped by suborder. B Variability of female
karyotype within families (ordered by average [red diamond] with lowest [orange triangle] and highest [brown triangle] count per family)
The data for both panels of this figure are available at https://tinyurl.com/NematodeKaryotypes-Table2-2023.
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of 10, 12 or 14 (Figure 1A). In most families where data for

arises, as genomic data suggest these are AAB triploids with multiple species was available, karyotypes displayed low vari-
3n=12". Similar ploidy variability, and concomitant taxonomic ability (Figure 1B). Higher variability was observed in Ascaridi-
uncertainty, is present in genus Ditylenchus'”. dae (Spirurina), Anguinidae (Tylenchina), Heteroderidae
(Tylenchina), Meloidogynidae (Tylenchina) and Rhabditidae

(Rhabditina) (Figure 1 B; Figure 2). These data may be subject
to some observational bias, as in Rhabditidae, Meloidogynidae
and Heteroderidae, the observation of variability of karyo-
type between closely related species from the same genus was a

In the apomictic species of Panagrolaimus a similar issue

Chromosome number variation on the phylogeny

of Nematoda
Most species (81%) had inferred female haploid n of less
than 10, with 54% having female chromosome counts (2n)
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Figure 2. Phylogenetic distribution of nematode chromosome numbers. Average (dark blue) and maximum (light blue) counts
of female chromosome numbers across the 90 genera (named with NCBI TXID) analysed that are present in the NCBI TaxonomyDB''°.
Five genera are not currently represented in TaxonomyDB. Clades are coloured by suborder as in Figure 1A. Note that while the NCBI
TaxonomyDB recognises “Strongylida” as a distinct order, itis by molecular analysis actually nested within Rhabditina (sister to Heterorhabditis),
and hence Rhabrditina (brown) is paraphyletic in this representation. Figure developed in iToL* and available at https://itol.embl.de/
export/77999098256461685686507. An interactive version is available through https://itol.embl.de/shared/mblaxter2.
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spur to further exploration of karyotypes of additional isolates
and sister taxa. Across Nematoda chromosome numbers seem
best predicted by phylogenetic neighbourhood rather than any
lifestyle or reproductive mode driver.

The groups with the highest numbers of chromosomes were
Meloidogyne species and Ascaridomorpha. In the Meloidogy-
ninae, variation is associated with changes in ploidy between
(and sometimes within) species, and also likely technical issues
in counting chromosomes that are present as sub-micron dots
in metaphase plates. In addition, the Meloidogyninae con-
tain many species without meiosis, which may give them more
freedom to vary in karyotype. In the ascaridids, the eleva-
tion in chromosome number is associated with the presence
of programmed DNA elimination, and indeed in somatic cells
of Ascaris, Parascaris and Toxocara species the chromosome
count is increased further. The minimum chromosome number
is 2n=2, observed in Parascaris univalens, an ascaridid with
male-female amphimixis''!, and in parthenogenetic spe-
cies in the Diploscapter-Prodontorhabditis ~ group, sister
to Caenorhabditis**'".

Nigon elements and the basal karyotype

Analysis of genome sequences of Rhabditida nematodes has
suggested that there were seven ancestral linkage groups in
the last common ancestor of the order, termed Nigon elements
A-E, N and X*. In species with inferred haploid chromo-
some counts less than 7, the extant karyotype can be explained
by simple fusion of Nigon elements in ancestral species, even
if the genes that define Nigon elements are intermixed in
current chromosomes. The Nigon elements each present as
distinct chromosomes in at least one species®. Nigon ele-
ments were defined based on genomic sequence from species
in Rhabditida and it remains unclear as to whether the Nigon
model extends to other Chromadorea, and to Dorylaimea
and Enoplea. The limited data available for Dorylaimea sug-
gests similar low chromosome count in trichocephalid and
mermithid species, but the relationship of these chromosomes
to the rhabditid Nigon elements is not clear.

Within-species variation in karyotype

For several species multiple different chromosome counts
have been reported (Table 2). Some of these variant counts
may be due to the technical difficulties of counting very
small chromosomes in microscope preparations, but true bio-
logical variation within species is also likely. Other variant
counts may arise from the systematic complexity of the taxa.
Chief among these is the phytoparasitic genus Ditylenhcus,
where host-specific isolates, many of which differ in sexual
mode, ploidy and observed karyotype®™®!, have been classi-
fied as either members of highly variable species or as distinct
taxa'"® and where the monophyly of the genus is questionable''".
We have followed recent molecular species concept analy-
ses of this genus'*'* and report both the common diploid
karyotype for Ditylenchus dipsaci (2n=24) as well as variant
counts for the D. dipsaci species complex'*'"”, and counts for
Ditylenchus gigas®. Another group where high variabil-
ity within a species has been found is the genus Meloidogyne.
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The variability of counts here is noted by the original authors
to be in part due to technical difficulties in assessment''®, but
real differences within species are present®™. Again, some of
these differences are likely to be due to differences in ploidy
between isolates, and many species have triploid, tetraploid or
sub-polyploid karyotypes®*!7:!1%,

A second source of variation between individuals within
species derives from chromosomal mechanisms of sex
determination, where males and females differ in chromo-
some complement. Sex determination in most sexual nema-
tode species is reported as being through X-to-autosome
ratio assessment, where XX animals are female and X-null
(X0) animals are male. In all cases where a genomic sequence
is available for analysis, the conserved loci that define NigonX
are found on the biological X chromosome, suggesting that
the NigonX element has ancestral sex determination roles
in Rhabditida®. In several ascaridid species there are mul-
tiple X chromosomes, with eight in Toxocara canis (where
females are X8X8, and males X8-null). The few descriptions of
nematode XX:XY chromosome systems, where males carry
a male-specific Y chromosome, are sporadic on the phyl-
ogeny, and suggest de novo evolution of Y chromosomes®.
In Oxyuridomorpha Adamson has identified haplo-diploidy
as a sex determination mechanism®™. In some taxa, such as
Mermithidae'”, sex determination is environmental.

Strongyloides and relatives display a fascinating alternation
of reproductive mode, where an amphimictic, free-living
generation can give rise to mitotic parthenogenetic females,
which are gut parasites in mammals'”’. Males are generated
by elimination of an X chromosome during maturation of the
diploid oocyte. In Strongyloides papillosus (Panagrolaimomor-
pha), males are generated in the mitotic parthenogenetic para-
sitic female germlines through loss of a segment of a presumed
X chromosome'”'.

An additional source of within-species variation in karyotype
is the presence of supernumerary or B chromosomes. B chro-
mosomes have been described in some populations of Trichuris
ovis and  Trichuris  globulosa in Trichocephalida and
Onchocerca volvulus and Onchocerca gibsoni in Spirurina'”.
Interestingly, these very small elements have only been observed
in species with proposed XX:XY sex determination sys-
tems, and these B chromosomes may be relict, degenerating
fragments of the second copy of the X-fused autosome.

Germline karyotypes and somatic karyotypes

It is notable that in species in Ascarididae, where female
chromosome counts range from 2 to 48, a difference between
germline and somatic chromosome numbers is observed due to
the process of programmed genome elimination'”. For exam-
ple, in female Ascaris suum the germline has 2n=48 and the
soma has 2n=72. This change is the result of breakage of seven
autosomes and three of the five X chromosomes at specific
points, with addition of new telomeres and loss of internal
sequence. The chromosomes are also trimmed at the
germline telomeres'''. This process of chromatin diminution
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associated with increased chromosome number in somatic cells
has also been described in the ascaridids Parascaris equorum
and Toxocara canis. In the rhabditine species Oscheius tipulae,
chromatin diminution results in the loss of material from the
germline chromosomes with no change in somatic karyotype®,
while in Mesorhabditis belari diminution also changes the
somatic karyotype'*. While it is evident that some species
do not undergo diminution, the observation that Oscheius tipu-
lae loses only 0.5% of its DNA through elimination means
that it is possible that additional species do. If diminution is
common across the phylum it may contribute to some reported
within-species variability if different authors assessed germ-
line versus somatic tissues. We note that programmed DNA
elimination may have predisposed ascaridid species to chro-
mosomal breakage, and thus elevated chromosome counts,
but we note that a similar process in Oscheius species is not
accompanied by changes in germline chromosome count.

Conclusions

The phylum Nematoda is a rich ground in which to explore
the pattern and process of chromosome complement evolu-
tion and the impacts of reproductive mode on karyotype and
chromosome change. Genomic analyses now ongoing will
increase the number of species with karyotypes determined from
genome assemblies, especially where chromatin conforma-
tion capture or Hi-C data are used to generate chromosoma-
lly-complete genome sequences®’. Most genome sequences
available to date have been determined from large parasitic
species which can be collected in bulk from wild hosts or
laboratory-maintained host-parasite systems or from free liv-
ing species in in vitro culture. In the future, application of
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sequencing methods that require very low DNA input, to the
level of a single specimen with ~1000 cells, may broaden the
diversity of nematodes accessible to genomics and karyotyping-
by-sequencing. This will be particularly important in generating
karyotypes from neglected free-living marine, freshwater and
terrestrial groups.

The data described herein has been incorporated into Genomes
on a Tree (GoaT)*, an open datasystem that collates genomic
and karyotypic data across Eukaryota. This integration sup-
ports the coordination and delivery of goals of the Earth
BioGenome Project — to sequence all life for the future of life'*.
GoaT presents karyotypic and genome size data in a taxonomic
framework, using measures made in named species to
infer the likely values for species where no direct measure-
ments are available. Although an earlier (2021) version of the
dataset was incorporated into GoaT, the current catalogue of
karyotypes of Nematoda is the first full release of the data-
set. It can be accessed through GoaT, for example as a
histogram plot of nuclear chromosome count. We invite the
addition of new karyotypic data or the inclusion of older
work not yet captured by us or others, at https:/tinyurl.com/
NemaKaryotypes.
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