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Abstract

We present the chromosome-scale genome assembly of the allopolyploid root-knot nema-

tode Meloidogyne javanica. We show that the M. javanica genome is predominantly allote-

traploid, comprising two subgenomes, A and B, that most likely originated from hybridisation

of two ancestral parental species. The assembly was annotated using full-length non-chime-

ric transcripts, comparison to reference databases, and ab initio prediction techniques, and

the subgenomes were phased using ancestral k-mer spectral analysis. Subgenome B

appears to show fission of chromosomal contigs, and while there is substantial synteny

between subgenomes, we also identified regions lacking synteny that may have diverged in

the ancestral genomes prior to or following hybridisation. This annotated and phased

genome assembly forms a significant resource for understanding the origins and genetics of

these globally important plant pathogens.

Author summary

Root-knot nematodes represent one of the most significant crop parasites globally.

Despite their agricultural importance, only limited genomic resources have been pub-

lished to date, leaving a gap in the understanding of genetic mechanisms driving genome

evolution and crop virulence. Here, we have used modern genomic and bioinformatic

approaches to create a chromosome-scale reference assembly to investigate the origins

and genomic composition of the root-knot nematode species Meloidogyne javanica. This

species has an allopolyploid genome, reproduces by ameiotic parthenogenesis and is

among the most damaging plant parasitic nematodes with a large and expanding plant

host range.

Utilising modern long-read DNA sequencing and bioinformatics approaches, we suc-

cessfully phased the assembly into its constituent subgenomes, a first for this agriculturally

important clade. While we find the genomic landscape is mostly syntenic between
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subgenomes, we identified regions of minimal similarity, and highlight structural diver-

gence between subgenomes.

Introduction

The assembly of allopolyploid genomes

Allopolyploidy is a genomic state characterised by more than two chromosomal complements,

with one or more of these complements resulting from a hybridisation event leading to the

presence of distinct (homoeologous) subgenomes within a single cell [1]. Allopolyploids may

account for 11% of plant species including many model species and important crops [2].

Although not as frequent as in plants, genomic investigations are indicating that ancestral

genome duplication, hybridisation, and complex genome arrangements are more widespread

than previously recognized in animals [3, 4]. Assembly and analysis of allopolyploid genomes,

however, is challenging for a number of reasons [5]. The increased number of alleles within an

allopolyploid genome can interfere with algorithms used by many assemblers leading to the

accumulation of switch errors; regions of the assembly where the sequence switches between

haplotypes or homoeologs. In addition, the high amount of repeat content often found in allo-

polyploid genomes can result in fragmentation of the final assembly if sequenced reads fail to

span the repeat [6, 7]. Another difficulty in accurate assembly of allopolyploid genomes has

been ‘phasing’ i.e., the assignment of assembly contigs to the correct subgenome. Switch errors

and misassemblies introduced during the assembly process can impair the signals required to

successfully phase a scaffold, and potential crossover interactions between homoeologs can

further complicate this signal [8, 9].

Assembly of allopolyploid genomes has become more feasible due to the advent of long-

read sequencing technologies and better assembly algorithms. Most chromosome-scale allo-

polyploid assemblies in the literature are of agricultural plants [10–13], although a few chro-

mosome-scale allopolyploid assemblies of animal genomes are now also available [14, 15].

Root-knot nematodes

Root-knot nematodes (RKN)—genus Meloidogyne—are a group of obligate plant parasites

that include species which severely reduce crop yield [16]. Second-stage juveniles (J2s) of

RKNs hatch in the soil and are non-feeding, needing to invade a host plant root to complete

their life cycle. Upon reaching the vascular cylinder, J2s induce the formation of a feeding site

inside the root, characterised by formation of a gall (“root-knot”) and highly modified “giant

cells” on which the nematode feeds [17]. Three closely related species within the Meloidogyne
genus, M. arenaria, M. incognita, and M. javanica, which we refer to here as the Meloidogyne
incognita group (MIG), have extremely broad host ranges spanning the majority of flowering

plants [18, 19] and together are estimated to cost the agricultural industry tens of billions of

US dollars a year [20–22]. Almost 100 RKN species have been described [23, 24], which differ

in host range, pathogenicity, geographic range, morphology and reproductive mode.

Although RKN nematodes species have diverse modes of reproduction including amphi-

mixis, automixis, and obligate apomixis, cytological examination indicates that M. javanica
and most other MIG species reproduce by mitotic parthenogenesis [25, 26]; that is, maturation

of oocytes consists of a single mitotic division in which chromosomes remain univalent at

metaphase. Phylogenomic analysis has revealed that each species possesses two divergent cop-

ies of many genes, that the three species likely originated from interspecific hybridisation, and

that they share the same ancestors who have provided the A and B subgenomes [19, 27, 28].
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Despite asexual reproduction, field isolates and greenhouse selections of MIG species are

diverse and successful, differing in their ability to reproduce on specific crop species and varie-

ties [20, 29–31]. A widely investigated example is acquisition of ability to reproduce on tomato

with the resistance gene Mi-1, which confers effective resistance to MIG species and is widely

deployed for nematode management in tomato [32]. Many independent studies have identi-

fied MIG populations that are able to break Mi-mediated resistance; these include both field

isolates and greenhouse selections of isofemale lines [33, 34]. However, efforts to decipher the

genetic mechanisms for these phenotypic variants have not so far been successful due in part

to the lack of tractable genetics and limitations in genome assemblies. Current MIG genome

assemblies are fragmented and the homoeologous subgenomes are mostly unphased [19, 28,

35, 36] making it difficult to compare homoeologous sequences, gain a true picture of diver-

sity, or to understand the nature of functional variation.

Here we apply a combination of modern genomic and bioinformatic approaches to gener-

ate a highly contiguous, chromosome-level assembly of M. javanica, phased into two subge-

nomes, creating the first chromosome-scale genome assembly of an apomictic allopolyploid

animal that we are aware of. This assembly should provide a very valuable framework for

research into the diversity and functional divergence of plant pathogenic nematode species. In

the wider research landscape, genomes such as those from within the MIG can aid in our

understanding of adaptation, ploidy, and evolution of genomes following hybridisation events

and loss of meiosis [37].

Results

Sequencing and profiling of read libraries

We used PacBio single-molecule real-time (SMRT) sequencing technology, Hi-C chromatin

conformation capture, Nanopore long-read sequencing, and Iso-Seq RNA sequencing to gen-

erate a genome assembly of Meloidogyne javanica strain VW4. Following quality control and

concatenation of two libraries, we obtained 2,255,922 PacBio HiFi reads totalling 35.39 gbp

(S1 Fig in S2 File). After quality control and concatenation of Oxford Nanopore (ONT) Pro-

methION data, we obtained 340,373 reads totalling 17.52 gbp (S2 Fig in S2 File). Our Hi-C

library contained 375,330,537 read pairs, of which 26.20% were sufficiently unique and high

quality for scaffolding with Proximo (Phase Genomics, WA). After demultiplexing of our Iso-

Seq library, we obtained 2,506,897 full-length non-chimeric sequences which collapsed into

59,637 high quality isoforms.

Genome-wide k-mer profiling of concatenated PacBio HiFi read libraries with smudgeplot
[38] indicated that 48% of the genome was tetraploid, 22% was triploid, and 29% was diploid

(Fig 1A). However, this analysis likely underestimates the proportion of tetraploid regions, as

crossover events or conversion between subgenomic copies can cause homogenisation. An

incomplete or hypo-tetraploid state was also indicated using a k-mer spectra approach by Gen-
omeScope2, predicting a haploid genome length of 68 mbp, and a duplication rate of 3.4 [38]

(Fig 1B). This duplication rate is similar to the value seen for CEGMA genes in other assem-

blies of M. javanica (3.68) [28].

Assembly and annotation

Scaffolding and final assembly. From our draft assemblies of the PacBio data, we carried

forward an iteration assembled using HiFiasm [39] based on overall contiguity and compari-

son to expected diploid genome length. Following purging of duplicates from the PacBio

assembly and scaffolding with Oxford Nanopore reads (S1 File) we obtained 37 contigs. Hi-C

scaffolding with the Proximo pipeline identified 16 chromosome level clusters (Phase
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Genomics Ltd) but increased the total number of scaffolds from 37 to 66 (S3 Fig in S2 File).

Following scaffolding with Hi-C, samba [40] joined some small scaffolds and fragmented the

largest scaffold in the assembly, increasing the number of scaffolds from 66 to 69.

The final assembly scaffolds contain 150,545,692 bp with an N50 of 5,793,182 bp, at 30.11%

GC content, and overall, 99.96% of reads in our combined PacBio HiFi library map success-

fully back to the assembly, indicating a high level of completeness (S1 Table in S3 File). Of the

total assembly, 97.87% was contained in the longest 33 scaffolds (S4 Fig in S2 File), which ran-

ged from 898 kbp to 9,595 kbp in length (Fig 2A; S2 Table in S3 File). These 33 scaffolds con-

tained 99.85% of all transcribed gene models detected from our Iso-Seq data. Of the remaining

36 scaffolds, 4 were identified by blobtools [41] as likely contaminants (Arthropoda, Chordata,

and Streptophyta; S5 Fig in S2 File). Nematode scaffolds are often misclassified as Arthropoda

by blobtools, and so have been retained in the assembly. One further contig was the M. javanica
mitochondrial genome (22,238 bp). The remaining 31 small contigs were all less than 215 kbp,

with a mean length of 88.9 kbp, and since they contained few identifiably functional elements

(0.19% of gene models), we excluded them from the final coverage and synteny analysis.

Annotation. In total 30.46% of our assembly was identified as repetitive elements, with

4.94% identified as retroelements, 3.77% as DNA transposons, while 16.88% remain unclassi-

fied repeats (S3 Table in S3 File). A total of 164,394 transcripts, representing 59,632 isoforms,

were detected through mapping of our Iso-Seq library, of which 97% of reads mapped to the

assembly. MAKER3 detected a total of 22,433 genes, containing 227,617 exons, 10,044 5’ and

5,253 3’ UTRs (S4 Table in S3 File). When running BUSCO on transcriptome settings against

the eukaryote_odb10 database we find that 81.9% of genes are present (C:81.9% [S:43.5%, D:

38.4%], F:8.6%, M:9.5%, n:255). When running against the nematoda_odb10 we find 59.2% of

BUSCOs (C:59.2% [S:27.5%, D:31.7%], F:2.7%, M:38.1%, n:3131).

Core eukaryotic gene and single universal copy ortholog analysis. Analysis of the final

assembly with CEGMA [42] detected 233 of 248 CEGMA genes (93.95%). This is a higher level

of completeness than the most recent M. javanica assembly, and comparable with contempo-

rary Meloidogyne assemblies [19, 36, 43, 44] (S1 Table in S3 File).

The average number of orthologs for each complete CEGMA gene (a proxy for ploidy) is

1.88 indicating that only ~6% of the diploid genome is unassembled or not present in the

Fig 1. Genome profiling plots. (A) Smudgeplot (left) proposingM. javanica as tetraploid, reporting the predicted

percentages of ploidy levels in the genome as follows: tetraploid (48%), triploid (22%), or diploid (29%). (B)

GenomeScope2 plot (right) showing four distinct peaks in both the predicted model of tetraploidy (black line) and in

the observed k-mer spectra (blue fill). The amount of unique sequence falls to zero shortly after the fourth peak,

indicating that k-mers at higher ploidies than four were mostly repetitive elements.

https://doi.org/10.1371/journal.pone.0302506.g001
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biological chromosomes. 177 complete BUSCO genes were detected when using BUSCO’s

eukaryote database, representing 69.5% of genes in the database (C:69.5% [S:37.3%, D:32.2%],

F:13.7%, M:16.8%, n = 255). Of the BUSCOs identified, 32.2% were duplicated. When using

BUSCOs nematode database, we find 1556 complete BUSCO genes, representing 49.7% of

genes in the database (C:49.7% [S:22.5%, D:27.2%], F:3.9%, M:46.4%, n = 3131).

Coverage and ploidy analysis

Mean coverage depth for all scaffolds—excluding mitochondrial—was 206.6x, falling to 206.1x

for the longest 33 scaffolds (Fig 2B; S6 Fig in S2 File). For some scaffolds (2, 9 and 18) coverage

depth was significantly in excess of this average, indicating collapsed regions; that is, these scaf-

folds represent three or four genomic copies, rather than two. Collapse is expected to arise in a

Fig 2. Ideogram and coverage depth of longest 33 scaffolds. Scaffolds are coloured according to phasing status; blue

—subgenome A, red—subgenome B, purple—unphased. A, Ideogram of 33 largest scaffolds. These 33 scaffolds

contain 98% the total length of the assembly, with the remaining 36 contigs being shorter than 250 kbp, containing few

gene models (0.19%), and consisting of mostly repetitive elements. B, Boxplot displaying the distribution of coverage

depth for each scaffold. Red points denote the mean of data in each box. Coverage has been limited to a maximum of

800x to exclude probable repetitive sites with anomalous coverage depth. Dashed line shows the overall mean for all

coverage levels across 33 scaffolds. Dotted line shows the mode of all coverage across 33 scaffolds.

https://doi.org/10.1371/journal.pone.0302506.g002
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polyploid assembly when homoeologous sequences are similar enough at a nucleotide level

that they are inferred to be multiple homologous alleles of the same region, which are then col-

lapsed to form the reference assembly copy [8]. Other scaffolds (19, 22, 24, 33) exhibited lower

mean coverage than the assembly-wide average suggesting that they may be present as a single

copy.

We then examined the coverage depth frequency distribution for each scaffold (S7 Fig in S2

File). For a phased scaffold representing two identical homologs, the coverage depth distribu-

tion for that scaffold would be expected to have a single peak (240x). However, while predomi-

nantly single peaks were seen for some scaffolds with lower coverage—thought to be present as

a single copy (19, 22, 24, 33)—we observed two peaks for the majority of scaffolds (Fig 3A &

3C; S7 Fig in S2 File). Two peaks would be expected if homologs are not identical and similar-

ity is disrupted by indels, with the second peak representing the reduced coverage of the hemi-

zygous region (~120x). Following this logic, number of peaks in the plot would indicate a

respective number of biological alleles mapping to one copy in the genome assembly. For scaf-

fold 2, which is over-represented in mean coverage depth, four clear peaks are present (Fig 3)

indicating that more than two alleles map to the scaffold. This likely resulted from exclusion of

the scaffold’s homoeolog from the assembly, leading to an assembly collapse as noted above.

Nevertheless, the presence of 4 peaks is consistent with the presence of polymorphisms

between homologs as well as between homoeologous pairs.

To examine the ploidy distribution in another way, we plotted a sliding window of coverage

across each scaffold (S8 Fig in S2 File). In support of the coverage depth distributions, the

most frequent outcome was that scaffolds in the assembly show two layers of stratification in

coverage at a constant proportional depth, indicating two copies distinguished by indels

between them. This pattern was strongest for scaffolds with two coverage peaks, particularly

phased homoeologs (discussed below, Fig 3A and 3B; S7 Fig in S2 File). Scaffold 2 and scaffold

Fig 3. Coverage depth frequency distributions of scaffolds 1, 2, 3, and 19. X-axis represents coverage depth and y-

axis represents frequencies of coverage. Colour indicates phase status: red for subgenome B, blue for subgenome A,

and purple for unphased scaffolds. Bin size = 5. (A) Scaffold 1, top left, displays two main peaks of coverage with a

small tail suggesting short collapsed regions. (B) Scaffold 2, top right, displays four peaks of coverage, indicating that

much of this scaffold is collapsed and four copies are mapping to it. (C) Scaffold 3, bottom left, shows two peaks and

very little tail, indicating two copies mapping and little to no assembly collapse. (D) Scaffold 19, bottom right, shows

only one peak at ~120x coverage, suggesting that only one copy maps to this scaffold.

https://doi.org/10.1371/journal.pone.0302506.g003
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18, which are over-represented in sequence depth, contain regions of four levels of coverage

depth covering much of the length of both (Fig 3B; S8A and S8D Fig in S2 File). This increased

amount of stratification at proportionally higher coverage depths (360x and 480x) reveals

assembly collapse, where three or four copies, respectively, map to a single site. Together these

coverage depth results suggest that the M. javanica assembly represents two homoeologous

subgenomes (~85% of total length), with only 13% of the assembly unphased or collapsed.

Identification of homoeologous pairs and phasing of subgenomes

Given the diploid nature of the assembly, which represents each subgenome as a single copy,

we expected to find scaffolds from these subgenomes present in homoeologous pairs. Through

detection of shared orthologs (S1 File) twenty pairings were identified between the longest 33

scaffolds of the assembly, each sharing between 20 and 351 CDS orthologs (Fig 4, S5 Table in

S3 File). Alternative methods of identifying homoeologous pairs were corroborative (S6

Table in S3 File). Some pairs were not mutually exclusive, and exhibited CDS links to scaffolds

outside of the primary pair, suggesting translocation and syntenic changes between them. All

scaffolds that showed two depths of coverage were assigned as homoeologous pairs as expected

if each subgenome was heterozygous. Four scaffolds were excluded from pairings including

scaffold 2 which showed high amounts of collapse and scaffolds 19, 24, 30, and 31 which are

relatively small and/or present as single copies (S7 and S9 Figs in S2 File; S2 Table in S3 File).

In order to assign contigs to a subgenome, we used a modified version of an ancestral k-

mer spectra analysis [45] (S1 File). This approach is based on the premise that the allopoly-

ploid’s subgenomes possess repeats that diverged in the two parental genomes before hybridi-

sation. This results in a distinguishable signature in each subgenome’s k-mer spectrumand

allows us to determine the parental species from which a given sequence descends. We suc-

cessfully phased 85.39% of the assembly into A or B subgenomes (Fig 2A; S9 Fig in S2 File; S2

Table in S3 File). Scaffold 2, which exhibits extensive assembly collapse, did not phase using

these methods. Some smaller scaffolds that did not phase by k-mer based methods were later

assigned to a subgenome based on the phase status of their opposing homoeologous scaffold

(S2 Table in S3 File). Of the total length of the final assembly, 39.15% was assigned to

Fig 4. Macrosynteny analysis between subgenomes. Glyphs along top and bottom represent scaffolds assigned to either subgenome A (blue) or

subgenome B (red). Green lines mark locations of synteny between transcribed genes identified from mapping of Iso-Seq sequences. Grey lines mark

locations of synteny between genes identified throughMAKER3 gene prediction. Synteny and collinearity were identified using the MCScan module of

JCVI using Iso-Seq informed transcriptional annotation. Scaffolds that could not be assigned to a subgenome are not shown.

https://doi.org/10.1371/journal.pone.0302506.g004
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subgenome A and 46.24% was assigned to subgenome B, leaving only 14.61% unassigned. Nucleo-

tide similarity between the subgenomes was estimated at 86% for whole subgenomes and 91%

between only CDS regions. Allelic divergence between alleles mapping to either subgenome was

estimated, with subgenome A estimated at 97.1% and subgenome B at 97.7% (S1 File).

Subgenomic synteny analysis

Comparison of annotation of scaffold pairs assigned to subgenomes A and B revealed both

long regions of synteny and large structural differences between subgenomes (Fig 4). Scaffold

13 and scaffold 15 are syntenic along almost the entire length of the shorter homoeolog and

share high nucleotide similarity throughout. Similarly, scaffold pairs 20 and 23, as well as 17

and 25, share long syntenic blocks of shared CDS with high nucleotide similarity.

Scaffolds 7 and 10 are syntenic for almost half of their length whilst the remaining sequence

lengths share no synteny and have very low nucleotide similarity. Synteny analysis and scaffold

comparison suggest that chromosomal fragmentation has occurred. For example, scaffold 8 of

subgenome A shows long collinear blocks with scaffolds 16, 28, 29, and 33 of subgenome B.

Re-examination of Hi-C and ONT long-read scaffolding as well as manual inspection of read

mapping support this fragmentation. Scaffold 1 of subgenome B shares syntenic blocks with

scaffolds 5, 6, and 8 of subgenome A, in an order that suggests chromosomal structural differ-

ences between the subgenomes. Many phased scaffolds also exhibit small amounts of extra-

pair synteny indicating numerous small translocations throughout the genome.

Discussion

Assembly of the allopolyploid genome of M. javanica
We have used long-read sequencing and modern bioinformatic approaches to assemble and

phase the allopolyploid genome of the plant pathogenic nematode Meloidogyne javanica. Our

goal was to assemble a contiguous diploid assembly for M. javanica, representing the A and B

subgenomes separately. Our current diploid assembly (150,545,692 bp) is, as expected for a tet-

raploid, approximately half the 297 ±27Mb measured by flow cytometry [19, 28]. This total

length is representative of both A and B subgenomes except for collapsed regions where

sequence for both subgenomes A and B is considered together. Because some regions of the

assembly have been shown by k-mer profiling and coverage analysis to be present in less than

four copies (Fig 1; S8 Fig in S2 File), splitting the subgenomes into their component copies

(A1, A2, B1, B2) to create a tetraploid assembly would not be expected to completely double

the length.

Annotation. We annotated our assembly using both ab initio feature prediction algo-

rithms and mapping of the full-length transcript sequences (S4 Table in S3 File). The total

number of genes predicted—22,433—is within the range expected for a MIG species and is

comparable to previous M. javanica assemblies [19, 28].

BUSCO scores for Meloidogyne are consistently lower than those of more widely studied

organisms, and the number of genes we have detected (S4 Table in S3 File) in the assembly is

consistent with what has been found for other Meloidogyne species [19, 28, 43, 46, 47] (S1

Table in S3 File). The paucity of established protein databases for less frequently investigated

genera limits the accuracy of prediction-based annotation methods. With increased availability

of sequence resources for plant parasitic nematodes, it should soon be possible to develop a

more appropriate set of core genes.

Evidence for a chromosome-scale assembly. Previous genomic assemblies of M. javanica
have contig counts numbering in the thousands [19, 28]. In our current assembly, more than

99% of reads in our PacBio HiFi libraries map to 33 large scaffolds (Fig 2B). We propose that
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most of the 33 scaffolds represent full-length or nearly full-length chromosomes. Cytological

examination in M. javanica indicates that the chromosome number ranges from 42–48 due to

variation between isolates [23, 25]. Thus, we would expect 21–24 scaffolds in our assembly.

The discrepancy between scaffold number and cytological observations could be due to an

imperfect assembly or failure to identify very small chromosomes in the cytological studies.

We have employed several independent scaffolding softwares, Hi-C chromatin contact map-

ping, and the manual examination of long-read mapping to contig termini, and see no evi-

dence to support fusing additional contigs. Additional molecular and cytological studies may

be required to resolve these differences.

Many chromosome-scale assemblies identify telomeres as defining the range of their scaf-

folds, yet we did not identify canonical telomeric repeats at scaffold termini. Additionally, we

were also not able to identify a homolog of C. elegans telomerase (trt-1; ACC:

NM_001373211.4) in our assembly. This may suggest that non-standard telomere processes

might be operating in root-knot nematodes as has been found for some other animals [48, 49].

Genetic variation in M. javanica is dominated by indels

We present the assembly as a diploid representation. Read depth analysis of individual scaffolds

indicates that homologs are not identical and indels are frequent. Additionally, some scaffolds

appear to be present as a single copy suggesting that one of the homologs may have been lost. We

identified many indels that delete or disrupt one or more copies of coding sequences, indicating

thatM. javanica is no longer genome-wide tetraploid either in copy number or functionality. A

higher propensity for indel accumulation has been frequently seen in hybrid parthenogenetic spe-

cies [50] and partial return to lower ploidy is a characteristic of many polyploids.

We find that 85.39% of our diploid assembly consists of one copy of each subgenome in

homoeologous pairs, with two copies mapping to phased scaffolds and four copies mapping to

collapsed regions. We successfully phased much of our assembly into subgenomes using k-

mer signatures, enabling for the first time initial genome-wide comparison of MIG A and B

subgenomes. Some scaffolds, notably scaffold 2 and some of the short scaffolds, could not be

assigned to subgenomes. Scaffold 2 displays four levels of stratification in its coverage (S8 Fig

in S2 File) and four peaks in its depth distribution (Fig 3B) indicating that the four copies (A1

+A2 and B1+B2) are almost entirely collapsed into a single scaffold. We suggest that the homo-

eologous chromosomes represented by scaffold 2 may be too similar in sequence to assign to a

subgenome by k-mer analysis due to a possible homogenization event. For the smaller scaf-

folds, the failure may have been due to their small size because they did not contain enough

relevant k-mers. Some of the small scaffolds were later assigned to a subgenome using tran-

script alignments. No misassembly or erroneous scaffolding of the unphased sequences was

detected through either programmatic or manual methods.

The allotetraploid genome of M. Javanica demonstrates extensive synteny between the A

and B subgenomes with most genic regions represented in four copies, as detected from cover-

age stratification and ploidy profiling. We would expect however that there would be differ-

ences between the subgenomes, including indels and other structural variation, as this is

typically observed between different species and the MIG have a hybrid origin. In accordance

with this, we observed substantial structural variation between subgenomes A and B, including

insertions, deletions, and translocations (Fig 4).

Loss of synteny and fragmentation

We observe regions of the M. javanica genome where synteny between paired chromosomes is

disrupted. One reason for this could be that the parental species (A and B) had genomes in
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which the non-syntenic regions had diverged by translocation, insertion, or deletion. Upon

hybridisation to create the allopolyploid MIG these diverged regions form the end of synteny

blocks. An alternative explanation is that these changes happened after the hybridisation event

in the tumultuous process of genome stabilisation immediately following it [51, 52]. Hybridi-

sation, polyploidization, and the loss of meiosis are processes often associated with rapid geno-

mic change [50, 53, 54] and the unique MIG species allopolyploid genomes we are currently

studying may represent different balances between these forces. We observe 11 chromosome-

scale scaffolds in subgenome A and 17 in subgenome B despite the clear synteny throughout

these two subgenomes. Several scaffolds in subgenome A contain blocks of genes with regions

that are syntenic to different subgenome B scaffolds. Similarly, there are cases where syntenic

blocks in subgenome B are present on different scaffolds in subgenome A. Together these dif-

ferences suggest that ancestral chromosomal fission, or fusion events or other types of

exchange have occurred. Meloidogyne species, like other nematodes, have holocentric chromo-

somes [25]. Genomes with dispersed centromere structure are predicted to better tolerate

chromosome fragmentation and fusion [55], as are species with ameiotic mechanisms of

reproduction. The observed differences in copy number of chromosomes between isolates of

M. javanica may be additional evidence for tolerance of chromosome fragmentation/fusion.

The majority of published assemblies of allopolyploids come from plants, where polyploidy

might have shaped the genomes of around 70% of species [56]. Many allopolyploid plant

genomes, however, show a higher level of synteny and structural conservation than we observe

for M. javanica [13, 45, 57]. Similarly the few available chromosomal allopolyploid animal

genome sequences available [14, 15] do not show extensive deletions and chromosomal fis-

sions as does our genome assembly. Unlike other allopolyploid species with chromosomal

genome sequences, Meloidogyne javanica reproduces by obligatory mitotic parthenogenesis

(apomixis) and this lack of meiotic chromosome pairing may allow greater structural diver-

gence and tolerance for the decay of synteny. We note that genomes from species not able to

reproduce by meiosis are currently rare [50] and suggest that much more substantial genomic

work on a range of species with different reproductive modes and ploidy levels will be required

to reveal the diverse mechanisms shaping these genomes. It is apparent however that the

changes surrounding allopolyploidy have contributed to the gene content, heterozygosity, and

copy number throughout the M. javanica genome and these processes of locally fixed hetero-

zygosity or rediploidization may contribute extensively to adaptive functional variation [58].

Regional homogenization of subgenomes

Some regions of the genome assembly do not phase into A and B homoeologs due to very low

divergence between the four gene copies. This could be explained either by the loss of whole

chromosomes, compensated by the duplication of the remaining chromosome, or mitotic

recombination (gene conversion) between homoeologs [59, 60]. It is unclear from this single

genome how asexual recombination contributes to shaping the diversity of M. javanica, how-

ever this has been suggested in previous MIG genomic studies [19, 28] and may be further elu-

cidated by our ongoing molecular evolution and population genomic studies.

It is possible that the initial tetraploidisation of M. javanica will buffer against deleterious

phenotypic consequences of indels. It has been argued for angiosperms that this rediploidiza-

tion process can contribute to adaptive species divergence by providing genomic and tran-

scriptomic diversity [58, 61]. Other mechanisms of adaptive divergence may also operate at

the same time. The increase in gene copy number created by polyploidization gives the poten-

tial for functional gene divergence by neo- or sub-functionalization, as well as adaptive pheno-

types driven by copy number loss [62–64]. Adaptation by gene copy number variation has
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already been reported in M. incognita [65] and it may be that genomic copy number variation

more broadly is a major source of functional genetic variation in the MIG.

A genomic framework for RKN functional and diversity studies

In this paper we present a highly contiguous, annotated, and phased genome assembly of the

allotetraploid plant pathogenic nematode M. javanica. This genome assembly will provide

many tools for diverse investigations by plant pathologists and nematologists in addition to

aiding our understanding of the origins and diversity of M. javanica. It will also serve as a ref-

erence for investigating genome structure and pathogenicity in other Meloidogyne species. The

contiguous nature of this genome and the high-quality annotation will facilitate RKN func-

tional studies since transcripts can be mapped accurately to the annotated subgenome. This

allows consideration of copy number variation, which may be an important component of

functional variation in these species. Progress is being made by many groups in understanding

the basis of nematode virulence and the key loci involved [66–68]. In such cases even light cov-

erage sequencing of field isolates mapped to a high-quality genome assembly could give valu-

able information to commercial growers about the likely pathogenicity of those strains [69].

Methods

Reproducibility

Wherever possible, this study attempted to contain all bioinformatic processes in reproducible

workflows or scripts, for the purpose of openness and enabling replication. Workflows and

code are archived in a Zenodo repository along with final outputs (doi: 10.5281/zenodo.

10784780). The raw reads plus final nuclear and mitochondrial assemblies are available on the

International Nucleotide Sequence Databases (INSDC) (ACC: PRJNA939015) (ACC:

GCA_034785575.1).

Biological material

Meloidogyne javanica strain VW4 was used for this work (Gleason et al, 2008; Szitenberg et al.,

2017). Cultures of this strain have been maintained on tomato plants under greenhouse condi-

tions for over 30 years [70]. Periodic transfers of single egg masses have been carried out to

maintain uniformity. For DNA preparation, eggs were harvested from roots and cleaned by

sucrose flotation as previously described [71] then flash-frozen in liquid N2. High molecular

weight DNA (HMW DNA) isolation was carried out at UC Davis Genome Center (S1 File).

Integrity of the HMW gDNA was verified on a Femto Pulse system (Agilent Technologies,

CA) where majority of the DNA was found to be in fragments above 100 Kb.

Total RNA was isolated from three M. javanica life stages: eggs, freshly hatched juveniles,

and females dissected from tomato roots 21 days after infection. This material was flash-frozen

and RNA was extracted using an Rneasy Kit (Qiagen, USA) following the manufacturer’s

instructions. TURBO Dnase treatment was carried out to remove genomic DNA from total

RNA samples (TURBO DNA-free Kit™, Ambion, USA). RNA concentration and purity were

measured using a NanoDrop OneC Microvolume UV-Vis Spectrophotometer (Thermo Scien-

tific, USA). RNA integrity and quality was assessed using a 2100 Bioanalyzer Agilent Technol-

ogies G2939BA.

Sequencing and QC

High fidelity (HiFi) long-read sequencing. PacBio HiFi library preparation and sequenc-

ing of HMW DNA was performed by UC Davis DNA Technologies Core on a PacBio Sequel
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II (S1 File). Data from the two generated libraries were pooled and only reads longer than

5000 bp and with a quality score over 15 were retained.

Nanopore sequencing. Nanopore sequencing of HMW DNA using Oxford Nanopore

Technologies (ONT) systems was carried out by UC Davis DNA Technologies Core. The

super-long-read DNA sequencing protocol (S1 File) yielded 23 gbp of data, which was then fil-

tered to contain only reads longer than 25 kbp.

Hi-C chromatin conformation capture. DNA was prepared using Proximo Hi-C kit

(Animal) as recommended by the manufacturer (Phase Genomics, Seattle, WA, USA). Library

preparation and sequencing were carried out at the UC Davis DNA Technologies Core and

scaffolding with Proximo was performed by Phase Genomics (S1 File).

PacBio Iso-Seq. Reads from one Sequel II SMRT cell were quality controlled and con-

verted into clustered reads using the IsoSeq3 pipeline with default parameters [72].

Genome profiling

Profiling was performed by Genomescope2 and smudgeplot [38]. All quality controlled PacBio

HiFi libraries were combined and used as input for these programs. Both were run with default

parameters, aside from -ploidy in Genomescope2 set to 4, as this was the primary ploidy indi-

cated by smudgeplot and suggested by visual analysis of mapped reads.

Assembly

Draft assembly. Initial draft assemblies were generated using several different assemblers

and appraised with asmapp [39, 73–77]. The most appropriate assembly based on length and

contiguity was carried forward, after which haplotigs were identified and removed using pur-
ge_dups [78].

Scaffolding with Oxford Nanopore and Hi-C. We used SLR [79] to scaffold the assembly

with our trimmed and concatenated ONT reads. The assembly was then scaffolded with Hi-C

reads using the Proximo pipeline by Phase Genomics Ltd. The resulting contact map was man-

ually curated using Juicebox assembly tools [80] to produce the most likely assembly based on

contact linkage information and TAD presence or absence. A third phase of scaffolding was

performed by samba, to break potential misassemblies introduced during manual Juicebox
scaffolding and scaffold sequences that were broken as debris [40].

Annotation

Repeat annotation. RepeatModeler was applied to the assembly [81], with the resulting

library of repeat models used as input for RepeatMasker to annotate repeat regions and gener-

ate a soft-masked version of the genome assembly [82].

Gene annotation. Iso-Seq reads were mapped to the assembly and collapsed using a sna-
kemake workflow automating the IsoSeq3 pipeline [39]. The annotation pipeline MAKER3 was

then employed to perform ab initio and predictive annotation of our assembly [83, 84]. Full

methods of annotation iterations and parameters can be found in S1 File.

Subgenome phasing

Identification of homoeologous scaffold pairs. Homoeologous pairs were detected

through identification of orthologs shared between scaffolds (S1 File). Pairs sharing a large

number of orthologs, and nucleotide similarity were considered homoeologous. This was vali-

dated with other methods, including MASH distance [85] and shared possession of duplicated

BUSCO genes [86].
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Phasing of subgenomes. Scaffolds were phased into A and B subgenomes using a k-mer

based approach built on the approach taken by [45]. K-mers in the assembly were detected

and counted using jellyfish [87], with only k-mers present more than 75 times in the assembly

and represented at least twice as often in one subgenome than the other carried forward. These

counts were then transformed into binomial distributions. Hierarchical clustering was per-

formed on these sets, creating a dendrogram placing scaffolds into opposing clusters, each

cluster representing a subgenome (S1 File).

Synteny analysis

The MCScan (Python) [88] module of JCVI [89] was used to perform a synteny analysis

between the two subgenomes. Custom scripts then extracted collinearity information and gen-

erated synteny plots (S1 File).
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