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Abstract 

Root-knot nematodes (Meloidogyne spp.) are among the most destructive agricul-

tural pests that cause significant yield losses across a wide range of crops. Meloido-

gyne hapla is a valuable model for studying root-knot nematodes due to its parasitic 

diversity, small diploid genome, and a reproductive strategy that facilitates genetic 

analysis. Here, we report the most contiguous genome assembly to date for any 

plant-parasitic nematode built using PacBio HiFi, Oxford Nanopore, Illumina, and 

Hi-C sequencing. Genetic linkage analysis of F2 populations derived from crosses 

between M. hapla strains validated the assembly but also revealed anomalies indi-

cating chromosome structure differences between parental isolates such as fissions, 

fusions, and rearrangements. Strikingly, we identified sharply delimited zones with 

extraordinarily high recombination on most chromosomes. Notably, several of these 

high recombination zones were significantly enriched for genes encoding secreted 

proteins, many of which contribute to parasitism. These findings suggest that meiotic 

recombination facilitates effector diversification and offer insight into how these para-

sites diversify their effector protein repertoire to change or expand their extraordinary 

host range. We further report the discovery of a novel 16-nucleotide tandem repeat 

and lack of canonical telomere repeats at chromosome ends. The localization of this 

16-nt repeat at chromosome ends highlights a potentially divergent mechanism of 

chromosome-end maintenance in this nematode group. Overall, our study integrates 

high-resolution structural genomics, genetic mapping, and functional inference to 
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uncover links between genome architecture, recombination landscapes, and host–

parasite interactions.

Author summary

Root-knot Nematodes (RKNs) are major agricultural pests, causing widespread 
crop losses globally. Among them, Meloidogyne hapla is a particularly valuable 
research model due to its compact diploid genome and reproductive flexibility 
that enables genetic studies. In this study, we generated a complete and ac-
curate chromosome-scale genome assembly of M. hapla using state-of-the-art 
sequencing technologies. We used genetic maps to validate the accuracy of 
the genome and found that some M. hapla strains have structural differences in 
their genome wherein the chromosomes have fused or broken apart. We also 
discovered that M. hapla has zones with extraordinarily high recombination rates 
on most of its chromosomes and these zones are enriched in predicted secreted 
peptides that may contribute to parasitism. This suggests that recombination 
may help these nematodes to evolve new ways of overcoming plant defenses. 
Finally, we identified an unexpected 16-nucleotide long repeat at chromosomal 
ends instead of a typical telomere sequence hinting to an alternative strategy of 
chromosomal maintenance. Overall, our study provides the fundamental genom-
ic resources on M. hapla and reveals how the genome structure and recombina-
tion have shaped the parasitism in this organism.

Background

Nematodes are among the most abundant and diverse animal phyla, containing an 
estimated 1–10 million species [1]. This remarkable diversity is reflected in their eco-
logical niches—ranging from free-living forms in soil and water to parasitic species 
infecting plants and animals. Among the approximately 4,100 species identified as 
plant parasites, species in the genus Meloidogyne (commonly known as root-knot 
nematodes, or RKNs) stand out as the most economically damaging [2,3]. The four 
most damaging species, M. arenaria, M. incognita, M. javanica, and M. hapla, pos-
sess an extraordinary host range spanning a diverse array of crop species [4]. Three 
of these species (M. arenaria, M. incognita, M. javanica) are closely related (Meloid-
ogyne Clade I) and are globally distributed in tropical and subtropical regions. In con-
trast, Meloidogyne hapla (Clade II) is generally found in more temperate climates and 
parasitizes a broad range of host plants, although isolates differ in their host range, 
pathogenicity, and behavior [5–8].

The RKN lifecycle generally spans about a month and encompasses six distinct 
stages consisting of embryo, four juvenile stages (J1-J4) and an adult stage [9,10]. 
As obligate sedentary endoparasites, RKNs spend most of their life cycle feeding 
from a permanent site within the root vascular system. These feeding sites are 
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characterized by nematode-induced multinucleated giant cells that act as nutrient sinks for the nematodes, and by dis-
tinctive root galls or “knots”, a hallmark of RKN infestation [11,12]. How RKNs establish these specialized feeding sites in 
such a broad range of plant species, spanning monocots, dicots, annuals, and perennials is a question of both scientific 
and practical interest. Nematode genes responsible for establishing feeding sites or contributing to differences in host 
range are largely unknown. However, several proteins secreted by plant-parasitic nematodes have been demonstrated to 
contribute to parasitism and are commonly referred to as effectors [13–16]. These effectors include genes likely acquired 
via horizontal transfers as well as many encoding pioneer proteins with no known protein motifs.

Meloidogyne spp. exhibit a wide range of karyotypes and reproductive mechanisms [17]. Whereas most Clade I spe-
cies reproduce asexually without meiosis and carry genomes with various degrees of polyploidy, most isolates of M. hapla 
are diploid and reproduce by facultative meiotic parthenogenesis [5,18]. Sexual reproduction occurs when females are 
fertilized by migratory males, and sperm-oocyte fusion occurs to generate offspring [18,19]. However, cytological studies 
have shown that, in the absence of males, sister chromatids of meiosis II are rejoined to restore diploidy asexually [18,19]. 
This reproductive mechanism has facilitated controlled crosses between strains and the production of F2 lines. Molecular 
marker analysis of F2 lines from a cross of two different strains showed these lines are largely homozygous for sequence 
polymorphisms and thus resemble recombinant inbred lines (RILs) [19]. Additionally, these F2 lines have been used to 
produce a marker-based genetic map and to identify genetic loci affecting interactions with host and/or behavior [20–23].

Our study focuses on M. hapla for its genetic tractability and diploid genome, which make it a favorable model and 
therefore reference organism for RKN genetics and genomics. A previous draft genome sequence of the inbred M. hapla 
strain VW9 has been produced, and a DNA-based linkage map was generated based on segregation of polymorphisms in 
RIL-like F2 lines from a cross between strains VW9 and VW8 [24]. However, this genome assembly is highly fragmented, 
limiting both the localization of genes responsible for phenotypic traits and synteny analyses with other RKNs. Recent 
advances in sequencing technologies have led to highly contiguous assemblies for several diploid and polyploid Meloi-
dogyne species [25–28]. In these studies, the canonical nematode telomeric repeats (TTAGGC)

n
 were not detected at 

chromosome ends or anywhere else in the assemblies. Instead, in three Clade I species, M. incognita, M. arenaria and M. 
javanica, long arrays of species-specific complex tandem repeats were found, mostly enriched at one scaffold end [26,27]. 
Furthermore, telomere associated proteins such as telomerase and shelterin complexes that are evolutionarily conserved 
in other nematode clades were not identified suggesting an alternative mechanism for chromosome end maintenance 
may be at play in RKN [27].

Here, we generated a de novo chromosome-level assembly of diploid M. hapla using complementary long-read 
sequencing strategies. We characterized another non-canonical repeat sequences at the end of chromosome-length scaf-
folds. Additionally, we utilized data from previously generated F2 lines to compare scaffold structure with genetic linkage 
groups. This analysis revealed a recombination landscape characterized by extraordinary recombination rates mostly 
on chromosome arms and provided evidence for differences in chromosome structure/behavior between isolates. To the 
best of our knowledge, this is the first chromosome-scale RKN genome assembly validated by genetic linkage analysis. 
Furthermore, we examine the chromosomal distribution of genes encoding secreted proteins (effector candidates) and 
provide evidence for their enrichment in the high recombination zones.

Results

Chromosome-level genome assembly of Meloidogyne hapla strain VW9

We produced a high-quality, chromosome-level genome assembly for Meloidogyne hapla strain VW9, the same strain 
used in a previous assembly by Opperman et al. [24] (PRJNA29083). We used a combination of PacBio HiFi sequenc-
ing (56x coverage), Oxford Nanopore Technologies (ONT) long-read sequencing (143x coverage), Illumina short read 
sequencing (138x coverage), and Hi-C Chromatin conformation capture (263x coverage). Using Hifiasm with the HiFi, 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013706  November 18, 2025 4 / 30

ONT, and Hi-C datasets, we produced an initial assembly with 36 contigs. This assembly was assessed for contaminants 
with Blobtools, where all 36 contigs were assigned the taxonomy Nematoda (S1 Fig). This assembly was further polished 
with the Illumina reads and subsequently scaffolded using Juicer and 3D-DNA with the Hi-C data (Fig 1A). Additionally, 
the mitochondrial genome was assembled (S2 Fig). The resulting assembly consisted of 16 scaffolds for a total length of 
59.2 Mb with an N50 of 3.8 Mb. The assembly size closely matched the 61.6 Mb genome size estimated by k-mer analysis 
(S3A Fig) and was consistent with flow cytometry data, which estimated the diploid nuclear DNA content of M. hapla to be 
121 ± 3 Mb, corresponding to a haploid genome size of approximately 60 Mb [29]. Analysis of the Illumina data supported 
a diploid genome structure for M. hapla and almost entirely homozygous (S3B Fig). The high integrity of this assembly 
was further supported by the Merqury k-mer plot, which indicated that almost all the information present in Hi-Fi reads 
was captured in the haploid assembly (S3C Fig). Overall, this new M. hapla genome assembly represents a significant 
improvement over the previous version and is the most contiguous so far for a RKN.

In the Hi-C contact map, we observed patterns suggesting physical proximity between scaffold tips of different chromo-
somes (Fig 1A). To assess whether these patterns were an assembly artifact, we checked the quality of raw Hi-C reads 
and built Hi-C contact maps with different draft assemblies (S4 Fig). This analysis supports that the patterns are due to 
inter-chromosomal tip proximity.

To define the scaffold ends in the M. hapla assembly we analyzed the terminal 24 kb of each scaffold for tandem 
repeats using Tandem Repeat Finder (TRF) [30]. This analysis revealed arrays of a 16-mer with the consensus sequence 
(CCCAAGGTTTAAAAGG) at 17 scaffold ends and a variant 16-mer detected near the end of Scaffold 10. This 16-mer 
repeat was the only significant repeat detected in the terminal regions by TRF. Nine scaffolds (S3, S4, S5, S6, S7, S12, 
S13, S15, S16) have this tandem repeat at only one end, while four scaffolds (S2, S8, S9, and S14) show the same tan-
dem repeat at both ends (Fig 1B). The length profile of these arrays ranges from approximately 1,289 bp, to 8,912 bp. For 
S10, a variant tandem repeat with consensus TTATAAAGGAAGTGGG is present starting 4 kb from one end. A search for 
the 16-mer tandem repeat array within scaffolds identified only three arrays at the center of the S1 scaffold (Fig 1B and S1 
Table). The internal arrays in S1 form a large palindrome with over 300 copies of the repeat followed by over 300 copies of 
the complementary sequence. Among the scaffolds, only S11 entirely lacked either repeat array.

In addition, to validate whether these candidate telomeric repeats indeed localize to the chromosome ends, we per-
formed fluorescence in situ hybridization (FISH) analysis on elongated chromosomes of M. hapla (Fig 2) using the 16-mer 
repeat found at 17 scaffold ends. Due to the tiny size of the chromosomes and the difficult biological material, we could 
not obtain complete chromosome complement spreads. Nevertheless, for the intact chromosomes that were discernible, 
the 16-mer repeats predominantly localized at or near the termini of multiple chromosomes (Fig 2A and 2B). Several 
chromosomes showed signal at only one end, while others displayed no signal (Fig 2B). The signal intensity varied 
between chromosomes, indicating differences in repeat array lengths. Furthermore, we detected a signal internally for at 
least one chromosome (Fig 2A), corroborating the presence of an internal repeat array as observed in S1. Overall, FISH 
results confirm the 16-mer repeat is enriched predominantly at chromosome ends and most likely constitute specific telo-
meric sequences in M. hapla.

After identifying and validating the primary 16-mer repeat, we searched for additional repeat motifs at scaffold ends 
using MEME suite [31]. The analysis revealed two distinct motifs: one at the ends of chromosomes 3, 10, 13 and 15, and 
another at ends of chromosomes 1 and 11 (S5 Fig and S1 Table). These motifs remain to be independently confirmed 
through FISH validation. Additionally, we searched for these repeats in the raw ONT reads using TelosearchLR [32]. We 
identified the primary 16-mer repeat as the top-ranked motif. Other motifs were either variants of the 16-mer or non-
terminal repeats not enriched at chromosome ends. These results validate the 16-mer as the dominant telomere- 
associated repeat in M. hapla VW9.

Within the nematode order Rhabditida, the availability of improved chromosome-length assemblies led to the 
identification of seven ancient linkage blocks, known as Nigon elements [33]. These elements corresponded to six 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013706  November 18, 2025 5 / 30

Fig 1.  Chromosome-scale genome assembly and repeat structure of Meloidogyne hapla strain VW9. A. HiC contact map of M. hapla showing 16 
chromosome-scale scaffolds. Green lines denote the edges of contigs, and blue lines denote the edges of scaffolds. B. Distribution of the 16-mer repeats 
across chromosome-scale scaffolds. Each horizontal bar represents a scaffold, with arrows indicating repeat orientation (rightward: positive strand; leftward: 
negative strand) and numbers showing repeat copy number per scaffold. The repeat at the end of Scaffold 10 is a variant of the others shown.

https://doi.org/10.1371/journal.ppat.1013706.g001

https://doi.org/10.1371/journal.ppat.1013706.g001
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Fig 3.  Distribution of Nigon elements along the length of M. hapla scaffolds. The X-axis represents the physical length of each scaffold, and the 
Y-axis represents the Nigon-defining loci per 500 Kb non-overlapping windows. The legend shows the color key for each Nigon Element from A through X.

https://doi.org/10.1371/journal.ppat.1013706.g003
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linkage groups (LGs). We then located the mapped SNPs on scaffolds in the new genome assembly to compare chromo-
some scaffolds to the genetic linkage groups (S3 Table). For thirteen linkage groups, all SNPs were assigned to a single 
scaffold, supporting that these scaffolds represented full length chromosomes (Table 1). However, scaffolds S1, S2 and 
S13 were each divided into two genetic linkage groups. The most striking discrepancy was S1, which formed two linkage 
groups in the classical map.

As noted above, S1 showed anomalously high recombination in the center as well as on arms. Interestingly, the break 
between the linkage groups in the VW9xLM cross and the high central recombination occurred in the region of the internal 
palindrome corresponding to the candidate telomeric repeat (Fig 1B). To determine whether this joining was a scaffolding 
error, we examined nanopore reads and identified 2902 raw ultralong nanopore reads greater than 60 kb spanning the pal-
indromic region of S1. Hence, the existence of a single molecule spanning this region is strongly supported. Additionally, 

Fig 4.  Recombination profile based on chromosome scaffolds. Allele present in each F
2
 line on scaffolds 1-16. Colors represent regions with VW9 

(blue) and LM (orange) alleles, whereas white areas indicate insufficient data. Panels EA, FB, and GC on the right indicate the female from which the F
2
 

lines were derived.

https://doi.org/10.1371/journal.ppat.1013706.g004

Fig 5.  Recombination profile for each scaffold. Tick marks on the x axis indicate physical position on the scaffold and those on the y axis are the cor-
responding genetic positions based on SNP segregation in F

2
 lines. High recombination zones (HRZs) are highlighted in yellow. The number of scaffolds 

is depicted on top of each box.

https://doi.org/10.1371/journal.ppat.1013706.g005
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we noted a difference between the recombination patterns in progeny from female FB, one of the three F1 females from 
which the RIL-like F2 lines derive showed no recombinants in the central region of S1 chromosome whereas progeny from 
the other two females (EA and GC) showed high apparent segregation in this region.

To further investigate the anomalies between scaffolds and linkage groups, we utilized a published genetic linkage 
map generated with segregation data of DNA polymorphisms in 183 F2 lines from a cross between M. hapla strains 
VW8 and VW9 [21]. We then located the mapped SNPs onto scaffolds in our new genome assembly. Ten linkage groups 
corresponded to single scaffolds (Table 1). However, even though VW9 was a parent in both crosses (VW9xLM and 
VW8xVW9), there were differences in the alignment of chromosome scaffolds to linkage groups for the two crosses. Nota-
bly, LG1 spanned all SNPs of S1 and S9, predicting it to be a very long linkage group. Also, LG2 contained all markers 
for scaffolds S2 and S6. Interestingly, the highly skewed marker segregation in favor of LM alleles seen for S13 in the 
VW9xLM cross was not observed in the VW8xVW9 cross. In addition, in the VW8x9 linkage map, S4 and S12 did not 
show repressed recombination. Since both genetic crosses used VW9 as one parent but a different second parent, the 
disparity between the chromosome scaffolds and linkage maps is likely due to structural differences between genomes of 
the three strains. For example, inversions, translocations or other genomic rearrangements (chromosome fusions, break-
age) could result in the distorted segregation patterns that we observed. Other intriguing discrepancies between scaffolds 
and LGs remain to be explained but would likely require producing chromosome-length sequences of multiple M. hapla 
strains.

Together these results suggest that the differences between linkage maps and the new chromosomal M. hapla assem-
bly are due to differences between the genome structure of VW9 and other parental strains. Therefore, the current assem-
bly likely corresponds to a largely accurate representation of the chromosomal DNA molecules in strain VW9.

Characterization of predicted secreted protein gene repertoire of M. hapla. To annotate the newly generated 
VW9 genome, we utilized Iso-Seq data from mixed developmental stages, including eggs, J2, and females. This yielded 
4,117,943 reads, which were clustered into 240,273 high-quality isoforms with an N50 of 2,018 bp. Additionally, RNA-seq 

Table 1.  Alignment of Meloidogyne hapla VW9 scaffolds with genetic linkage groups.

Scaffold Genetic Linkage Group

VW9 X LMa VW8 X VW9b

S1 LG1a, LG1c LG1

S2 LG2a, LG2c.15 LG2, LG15

S3 LG4 LG4

S4 LG14 LG14, LG17

S5 LG10.12 LG10, LG12

S6 LG2b LG2

S7 LG6 LG6

S8 LG3 LG3

S9 LG1b LG1

S10 LG16 LG16

S11 LG5 LG5

S12 LG13.17 LG13

S13 LG9a, LG9b LG9

S14 LG7 LG7

S15 LG8 LG8

S16 LG11 LG11

aLG names are based on those assigned in previous work [20,22].

https://doi.org/10.1371/journal.ppat.1013706.t001

https://doi.org/10.1371/journal.ppat.1013706.t001
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data were obtained from nematode-infected roots of Solanum lycopersicum cv Moneymaker and S. pimpinellifolium cv. 
G1.1554 at five post-inoculation time points (5, 7, 10, 12, and 14 days after inoculation). The integration of these two 
datasets using BRAKER3 produced a high-quality structural annotation comprising 11,229 protein-coding genes. This 
gene count is lower than the 14,700 genes reported in the 2008 assembly [24], which was likely due to the reliance in 
the previous study on ab-initio predictions, which can overestimate gene numbers. The new annotation as assessed with 
BUSCO using Eukaryota_odb10 [39] showed 88.2% completeness for coding sequences with only 2.4% fragmentation 
(S4 Table). Similarly, the annotation assessed using BUSCO using Nematoda_odb10 database showed 63.8% complete-
ness for coding sequences with only 2.7% fragmentation. This represents a notable improvement over the 2008 assembly, 
which showed 78.5% completeness and 10.2% fragmentation with eukaryota_odb10, and 50.5% completeness with 4.1% 
fragmentation with nematoda_odb10 databases.

To identify genes likely involved in parasitism (candidate effectors), we screened the 11,229 predicted proteins for the 
presence of secretion signal sequences (SignalP6.0; [40] and the absence of transmembrane domains (DeepTMHMM; 
[41]. This resulted in the identification of 1,258 genes encoding predicted secreted proteins (PSPs). We then used the 
full set of 1,258 genes to perform ortholog searches across 71 nematode species using OrthoFinder. Of the 71 nema-
tode species, 33 were plant parasitic nematodes and the rest were either free living or animal parasitic nematodes. This 
analysis revealed that 1,172 of these PSPs had orthologs in at least one other species while 86 were unique to M. hapla; 
675 M. hapla PSPs were conserved across all 71 nematode species; 401 were present only in RKNs; 3 conserved only 
with other PPNs; and 1 was shared with only one other nematode species (Fig 6A and 6B and S7 Table). Among the M. 
hapla-specific PSPs, 56 were single-copy genes (singletons) and 30 present in multiple copies.

Of the 1,258 genes encoding PSPs in M. hapla, 540 contained known functional domains in Interpro and EggNOG 
databases, while the remaining 718 did not and are referred to as “pioneer PSPs” (S5 and S6 Tables). For the 1,172 PSPs 
that had orthologs in other nematodes, 536 contained known domains and 636 were pioneers (Fig 6C and S7 Table). 
Most of the PSP genes present only in M. hapla were pioneers. Of the single-copy PSPs unique to M. hapla, 53 had no 
known functional domains. Three encoded proteins with identifiable features, including a glycine-rich domain, a collagen 
triple helix repeat, and an SH3 domain. Similarly, among the 30 PSP genes unique to M. hapla, but present as multiple 
copies, only one had a known domain (a protein kinase).

Within the 540 PSP families containing a known functional domain, we identified multiple gene families previously 
shown to play a role in parasitism in other nematodes (S8 Table). These include several families of CAZymes–31 Gly-
coside Hydrolases (GH), 17 Glycosyl Transferases (GT), 7 Carbohydrate Esterases (CE), and 12 Pectate Lyases (PL) 
[42] (S7 Fig and S9 Table). We further verified the annotation of these CAZymes through the dbCAN database [43] (S10 
Table). Previous studies suggest that horizontal gene transfers contributed to the acquisition of CAZymes in plant-parasitic 
nematodes [42]. Using AvP (Alienness vs Predictor) pipeline analysis, we found that 20 CAZymes including 7 GHs, 1 CE 
and all PLs have evidence of horizontal gene transfer (HGT) (S10 Table). Similarly, other PSPs (Alginate Lyases, Lytic 
transglycosylases, Fungal chitosanase, Protein Kinase domain containing protein, and Trypsin) also showed evidence of 
horizontal transfer (S10 Table). Furthermore, consistent with previous phylogenetic studies that suggest pectate lyases 
expansion through gene duplication during Meloidogyne evolution [21,24], our analyses revealed patterns of clade sepa-
ration and subsequent expan-sion across all four CAZymes families (S8–S10 Figs).

In our structural annotation pipeline, default filtering criteria were employed, which typically exclude very short open 
reading frames. In addition, the RNA-seq and Iso-seq datasets used in the annotation process were not optimal for iden-
tifying short transcripts, as the sequencing read lengths were often insufficient to detect and reconstruct these smaller 
genes with confidence. As a result, proteins shorter than 66 amino acids were likely not annotated, potentially omitting 
small, secreted proteins that may function as plant peptide mimics. To more comprehensively identify such candidates, 
we reanalyzed the 2008 genome annotation and identified 19 small PSPs. Among these, five had functional annota-
tions, including a C2H2 zinc finger domain protein, a fructosyltransferase, a phosphotransferase system component, a 
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Fig 6.  Classification of M. hapla PSPs. A. Total PSPs were characterized by the presence or absence of orthologs in a set of 71 nematode species. 
The identification of orthologs was done using Orthofinder. B. Venn diagram shows the PSPs that are shared across RKNs, PPNs and other nematode 
species. C. The distribution of PSPs into Known and Pioneer PSPs is shown for PSPs with orthologs in other nematode species and for those unique to 
M. hapla. (i.e., those unique to M. hapla having single or multiple copies.

https://doi.org/10.1371/journal.ppat.1013706.g006

https://doi.org/10.1371/journal.ppat.1013706.g006
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bifunctional nuclease-like protein, and a tyrosinase copper-binding protein. The remaining 14 proteins lacked known func-
tional annotations (S11 Table). When mapped onto the updated M. hapla genome assembly, these PSPs were found to be 
distributed across multiple genomic regions (S11 Table).

Next, we conducted a BLAST search for known plant peptide mimics, including C-terminally Encoded Peptides (CEPs), 
Inflorescence Deficient in Abscission (IDA) and Rapid Alkalinization Factors (RALF)—all previously described to modulate 
parasitism related responses in plants [44–46]. We found that all 12 CEPs were located on S13, while IDA1 and IDA2 
were located on S7 and S9, respectively. The three RALFs were located on S1, S5 and S10 (S12 Table). No PSY peptide 
genes were detected, consistent with prior findings that these genes are restricted to Clade I Meloidogyne species [47].

Genes encoding predicted secreted proteins (PSPs) are enriched in high recombination zones

To examine the genomic distribution of protein-coding genes, we compared their empirical cumulative distribution to a the-
oretical uniform distribution. Overall, genes appear to be evenly distributed along the chromosomes (S11 Fig). However, 
certain scaffolds (SF1, SF4, SF6, SF7, and SF13) show noticeable,—though often modest—deviations from this uniform 
pattern. In these regions, uneven gene distribution is sometimes, but not always, associated with unusual recombination 
patterns. For instance, S1 separates into two genetic linkage groups in the VW9 × LM cross, while S4 and S12 appear to 
be physically linked. In contrast, S7 contains only a single region with a markedly higher recombination rate. This pattern 
of uniform gene distribution is consistent with observations in other holocentric species, such as spider mite (Tetranychus 
urticae) and C. elegans, where genes are generally evenly distributed along the chromosomes [48,49].

Given the rapid evolution of effectors under selection pressure in various plant pathogens [50,51], we assessed 
whether PSP genes cluster in HRZs or LRZs (S2 Table). A hypergeometric test for enrichment found that PSP genes were 
significantly enriched in HRZs (p = 2.5*10-8; S13 Table). A scaffold-specific analysis found PSP enrichment on S2, S3, S14, 
and S16 while other scaffolds did not show significant differences in PSP distribution between HRZs and LRZs (Fig 7 
and S14 Table). In addition, annotated PSP families–Cysteine-rich secretory protein, Papain cysteine proteases, Aspartyl 
proteases, C-type lectin, peptidases, CAZymes, Catalases, Peroxidases, Astacins, Lipases and SXP/RAL2 family–were 
predominantly localized within HRZs (Fig 8). One notable case is HRZ of S3, which exhibits the highest recombination 
rate in the genome at 139 cM/Mb (Fig 9A and S2 Table). This HRZ spans 340 KB, and contains 60 genes, 23 (~38%) of 
which encode PSPs (Figs 9B and 8C). Among these, 16 are pioneer PSPs, while the remaining include known PSPs such 
as lysozyme, carboxylesterases, glycoside hydrolases, Galectin and Calycin (Lipocalin) (Fig 9C and 9D).

In C. elegans, evolutionarily conserved genes are enriched in low recombination regions of chromosomes [52]. To 
assess whether M. hapla shows a similar pattern, we identified 5610 C. elegans orthologs from the Orthofinder analysis. 
Of these, 4195 map to the LRZ and 1415 to the HRZ. An enrichment analysis revealed no overrepresentation of C. ele-
gans orthologs in HRZs; however, these orthologs were significantly enriched LRZs (p = 1.9*10-5; S13 Table).

Discussion

Like other Meloidogyne species, M. hapla lacks telomerase and canonical telomere-associated proteins [27], suggesting 
that it relies on an alternative mechanism to maintain chromosome ends. In this study, we generated a chromosome-scale 
genome assembly for the M. hapla strain VW9. This assembly consists of 16 scaffolds, corresponding to the previously 
reported chromosome number for this strain. One notable finding of this study is the identification of tandem repeats 
consisting of a consensus 16-mer sequence (CCCAAGGTTTAAAAGG) at one or both ends of most scaffolds, and intrigu-
ingly, also in an interior region of Scaffold 1. These repeats show no recognizable sequence similarity to the more com-
plex terminal repeats recently identified in Clade I Meloidogyne species [26,27] or to the terminal repeats in the diploid 
species M. graminicola [26]. This lack of homology suggests that chromosome end repeat motifs have significantly diversi-
fied among RKN species. Notably, most of the 16-mer repeats in our assembly occur at one end of the scaffold, a finding 
further supported by FISH analysis, which detects these repeats at a single chromosome end. At the ends of the scaffolds 
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Fig 7.  Distribution of PSP genes in the High Recombination Zones (HRZs). Each of the 16 scaffolds is divided into 100 kb bins (X-axis). Y-axis 
represents the number of PSPs per bin. HRZ regions are highlighted in yellow. Genome-wide enrichment analysis shows significant enrichment of PSPs 
in the HRZs (Hypergeometric test, p-value = 2.5*10-8).

https://doi.org/10.1371/journal.ppat.1013706.g007

https://doi.org/10.1371/journal.ppat.1013706.g007
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where the consensus 16-mer repeat was not detected, we identified two distinct repeat sequences. However, their chro-
mosomal locations have not yet been verified by FISH analysis. Additionally, we cannot rule out the possibility that our 
assembly is incomplete and that some terminal sequences remain unresolved. The presence of repeats only at one end 
of the chromosome is reminiscent of C. elegans pairing centers, which facilitate homologous pairing and crossover during 
meiosis [53]. Whether the terminal regions of M. hapla chromosomes play a role in telomere maintenance, meiotic pairing, 
or both remains to be investigated.

M. hapla is capable of facultative sexual reproduction and therefore, we can perform controlled crosses and track 
allele segregation in RIL-like F2 lines. These data provide a valuable resource for studying chromosome structure and 
parasitism-related adaptations in plant-parasitic nematodes. The recombination patterns of individual F2 lines along the 
majority of scaffolds in M. hapla resemble those observed in C. elegans, with crossovers primarily localized to the arms. 
However, the overall recombination rate in M. hapla is roughly five times higher than that in C. elegans, whose meiotic 
crossovers are restricted to one per chromosome per meiosis [37,54,55]. The M. hapla genetic map suggests that the one 
crossover per-chromosome limit may also apply to this species. Therefore, its higher recombination rate could be primarily 
due to its higher chromosome number and smaller genome size. Recombination in M. hapla is localized to more narrowly 
defined regions with sharp boundaries, resulting in very high local recombination rates. Intriguingly, electron microscopy 
studies have described the presence of synaptonemal complexes and distinctive electron-dense “recombination nodules” 
in oocytes of a meiotic race of M. hapla [56].

Fig 8.  Distribution of PSPs with conserved domains along the genome of M. hapla: Ideogram of PSPs with known functional domains along 
the scaffolds of M. hapla genome. Each circle represents the PSPs, and they are pinned with respect to their positions on the scaffolds. The high-
lighted blue regions denote the HRZs.

https://doi.org/10.1371/journal.ppat.1013706.g008

https://doi.org/10.1371/journal.ppat.1013706.g008
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Fig 9.  High recombination zones and gene distribution in Scaffold 3. A. Recombination rate (cM/Mb) of Scaffold 3 along its physical position (Mb) 
showing sharply defined HRZs. The dotted horizontal line indicates the average recombination rate for the whole chromosome. B. Histogram of Gene 
Count per 100 Kb along Scaffold 3. The highlighted regions denote HRZs. C. Stacked bar graph of PSP Count per 100 Kb along the physical positions of 
scaffold 3 where the highlighted regions denote HRZs. Each color represents functionally annotated PSPs, pioneer PSPs shared with other Meloidogyne 


