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Abstract
Background  The soil-dwelling Rhabdocoela flatworm, Luticola nematophagus, recently identified as a specialized 
predator of plant-parasitic nematodes such as Meloidogyne incognita, demonstrates considerable potential as 
a biocontrol agent for agricultural nematode diseases. This study presents the first chromosome-level genome 
assembly of L. nematophagus, achieved by integrating PacBio HiFi long-read sequencing with Hi-C chromatin 
conformation capture.

Results  The assembled genome is approximately 899.92 Mb with a scaffold N50 of 231.83 Mb, comprising 50.08% 
repetitive sequences and 45,225 predicted protein-coding genes. Genome completeness was evaluated using 
CEGMA (94.76%) and BUSCO (85.49%) assessments. Comparative genomic analysis revealed notable expansions in 
gene families related to neural signaling, environmental adaptation, and nematode predation, including synaptic 
vesicle components, metalloendopeptidases, antioxidant enzymes, transmembrane transporters, peptidases, lipases, 
and detoxification mechanisms. These expansions suggest that L. nematophagus has evolved molecular adaptations 
favorable for thriving in soil ecosystems and for a specialized predation strategy, possibly aiding in the digestion of 
nematode cuticles and the neutralization of toxins. Interestingly, unlike Triclad flatworms such as Dugesia japonica 
and Schmidtea mediterranea, L. nematophagus has lost regenerative capabilities, instead allocating resources towards 
reproductive adaptations through self-fertilization and high fecundity. Controlled pot trials have experimentally 
validated its effectiveness in suppressing tomato root-knot nematode disease, underscoring its high reproductive 
output as critical for maintaining predator populations needed for effective biocontrol.
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Background
Although genomic resources are readily available for 
regenerative planarians, such as Schmidtea mediterra-
nea, predatory species including Luticola nematophagus, 
which exhibit unique adaptations for nematode biocon-
trol, are yet to be genetically characterized. This pau-
city of genetic data hinders both evolutionary research 
and practical applications in biocontrol. Plant-parasitic 
nematodes, notably the root-knot nematode Meloidogyne 
incognita, cause substantial agricultural losses worldwide, 
thereby threatening food security and inflicting economic 
damages amounting to billions annually [1–3]. Biological 
control emerges as a promising sustainable alternative to 
chemical nematicides, yet the discovery and development 
of effective, scalable, and environmentally benign biocon-
trol agents face considerable challenges [4, 5]. Recently 
identified, the soil-dwelling flatworm L. nematophagus 
(Platyhelminthes: Rhabditophora: Rhabdocoela) has 
shown great promise as a biocontrol agent [6]. This spe-
cies demonstrates specific predatory behavior toward 
plant-parasitic nematodes (Fig.  1A), and preliminary 
pot trials have shown significant efficacy in controlling 
tomato root-knot nematode disease (Fig. S1 E-I). Impor-
tantly, L. nematophagus possesses two critical traits for 
effective biocontrol: adaptability to soil environments 
and a high reproductive rate through self-fertilization, 
which facilitates large-scale cultivation.

Flatworms (Platyhelminthes: Rhabditophora) are an 
early-diverging group of triploblastic, bilaterally symmet-
rical animals [7], with a global distribution across tens of 
thousands of diverse species [8, 9]. Species such as Duge-
sia japonica, S. mediterranea (Tricladida), and Macrosto-
mum lignano (Macrostomida) have been established as 
model organisms, largely due to their remarkable regen-
erative abilities, driven by abundant pluripotent neoblasts 
[10–12]. Studies utilizing these models have provided 
profound insights into stem cell biology, regeneration 
mechanisms, neurodevelopment, and diseases relevant 
to humans [13–15]. Over approximately 40 million years 
of evolution, flatworms have developed effective preda-
tory capabilities, enabling them to adapt to diverse and 
fluctuating ecological niches [16, 17].

In addition to their regenerative capacities, flatworms 
serve as active predators that contribute to the manage-
ment of various invertebrate pests in aquatic and ter-
restrial ecosystems [18], including mosquitoes, snails, 
slugs, and termites [19–21]. For example, the planarian 

Girardia anceps (Tricladida: Dugesiidae) has been docu-
mented to effectively reduce populations of mosquito 
larvae, including those of Aedes aegypti and Culex pipi-
ens [22]. Despite extensive research into regeneration, 
the molecular mechanisms underlying flatworm pre-
dation and their ecological interactions remain under-
explored, particularly in non-model species that show 
significant biocontrol potential. The literature over the 
past decade reports sparingly on the use of flatworms 
for pest management, and fundamental questions about 
their predation mechanisms and environmental adapt-
ability continue to persist [21]. A primary obstacle is the 
absence of comprehensive genomic resources for these 
non-model, biocontrol-relevant flatworm species.

In contrast to more generalist predators, L. nema-
tophagus demonstrates remarkable specificity toward 
plant-parasitic nematodes, underscoring its potential 
as a targeted biocontrol agent. However, the molecu-
lar underpinnings of this specialization remain elusive, 
owing to the lack of genomic resources, a situation that 
epitomizes the existing knowledge gap. Recently charac-
terized, the Rhabdocoelan flatworm genus and species L. 
nematophagus, which inhabits soils infested with nema-
todes [6], possesses a distinct set of characteristics that 
differentiates it from conventional model planarians: (1) 
Absence of regenerative capability: Unlike species in the 
Tricladida and Macrostomida, L. nematophagus exhibits 
a loss of regenerative ability, likely attributable to a pau-
city of neoblasts. (2) Soil adaptation: It has evolved to 
thrive in moist soil environments. (3) Specialized preda-
tion on nematodes: This species actively preys on nema-
todes, specifically targeting plant-parasitic varieties such 
as M. incognita. (4) High reproductive potential through 
self-fertilization: By allocating resources predominantly 
toward reproduction rather than regeneration, L. nema-
tophagus achieves efficient reproduction, facilitating 
mass production with potential annual yields of up to 
200 million eggs. This unique amalgamation of traits not 
only positions L. nematophagus as an outstanding candi-
date for the biological control of nematode diseases but 
also as a compelling model for studying the evolutionary 
trade-offs among regeneration, predation specialization, 
and environmental adaptation. These characteristics col-
lectively underscore its biocontrol capabilities, yet they 
also highlight the need for a chromosome-level genome 
to elucidate: (1) the genetic trade-offs between the loss 
of regeneration and reproductive adaptations, (2) the 

Conclusions  This research provides essential genomic resources for understanding the evolutionary mechanisms 
of nematode predation within Platyhelminthes and promotes the development of L. nematophagus as a scalable 
biocontrol agent for managing nematode infections.
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mechanisms enabling survival in soil environments, 
and (3) the strategies underlying nematode-specific 
predation.

To effectively advance both fundamental evolution-
ary biology and the development of applied biocontrol, 
it is imperative to elucidate the molecular genetic basis 

underpinning the key traits of L. nematophagus. These 
traits include its mechanisms for nematode preda-
tion, adaptation to complex soil environments, and the 
evolutionary trade-off that favors high fecundity over 
regeneration. While complete genome assemblies are 
available for model species such as D. japonica [23, 24], 

Fig. 1  Images recording of L.nematophagus preying on M.incognita and the workflow of this study. A The process of L. nematophagus preying on M. 
incognita. 1 for the discovery and targeting process. 2–3 for the process of L. nematophagus pharyngeal muscles extending and binding M. incognita. 
4–6 for the process of L. nematophagus gradually devouring M. incognita. 7–8 for the completion of the L. nematophagus predation process, and looking 
for the next prey. For the operational steps of the observation process, please refer to the Supplementary Materials. B The panes with light blue, pink, 
orange, and light green represent the processes of genome survey, genome sequencing and splicing, genome assembly and annotation, and compara-
tive genomics analysis, respectively
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S. mediterranea [25], and M. lignano [26], most Rhabdo-
coela species, which exhibit limited tissue repair capabili-
ties [27, 28], lack published genome sequences. Similarly, 
the absence of a high-quality, chromosome-level genome 
assembly for L. nematophagus represents a significant 
obstacle. To address this deficiency and unlock the poten-
tial of this novel biocontrol agent, we generated the first 
chromosome-level genome assembly of L. nematopha-
gus. We employed an integrated approach that combined 
PacBio HiFi long-read sequencing with Hi-C chromatin 
conformation capture technology. This methodology was 
chosen to overcome the challenges posed by its com-
plex genome. A comparative genomic analysis was also 
conducted using selected species. The workflow of this 
study is illustrated in Fig. 1B. This high-quality genomic 
resource is foundational for several critical research 
objectives: (1) Deciphering the molecular adaptations 
that underlie its specialized nematode predation strat-
egy and resilience to soil environmental conditions. (2) 
Investigating the genetic basis of its unique life-history 
traits, which include loss of regeneration, self-fertiliza-
tion, and high fecundity. (3) Identifying candidate genes 
and pathways, such as those encoding proteases, lipases, 
detoxification enzymes, and neural signaling compo-
nents, that could contribute to its biocontrol function. 
(4) Ultimately, facilitating the development of L. nema-
tophagus-based strategies for sustainable management of 
plant-parasitic nematodes. This study not only fills a crit-
ical void in genomic resources for non-model, predatory 
flatworms but also provides pivotal insights into the evo-
lution of predation and environmental adaptation within 
the Platyhelminthes, specifically the Rhabdocoela.

Results
Genome size estimation through survey analysis
A 350 bp library was constructed from the genomic DNA 
extracted from L. nematophagus. This library was then 

sequenced on the Illumina platform using 150 bp paired-
end reads (PE 150). The paired-end sequencing data were 
evaluated based on GC distribution statistics and qual-
ity values (Q20, Q30), and were subsequently filtered to 
yield high-quality data (clean reads). These clean reads 
were employed for various tasks, including genome size 
estimation, genome assembly, GC content analysis, and 
heterozygosity rate determination. A total of 72.28 Gb 
of high-quality data was obtained, achieving an overall 
sequencing depth of approximately 89.71×, with Q20 and 
Q30 ratios of 96.97% and 91.96%, respectively. The GC 
content was calculated to be approximately 40.03% as 
shown in Table S1-1.

In the K-mer analysis, the average K-mer depth, 
indicative of the peak depth, was calculated to be 65.31 
(Fig.  2A). The total count of K-mers derived from 
sequencing was 57,379,410,366. After the exclusion of 
K-mers with abnormal depths, 52,618,537,557  K-mers 
were used to estimate the genome length, which was 
determined to be approximately 805.66 Mb. Based on the 
K-mer distribution, the estimated repeat sequence con-
tent was approximately 67.59%, the estimated heterozy-
gosity rate was around 0.07%.

Genome assembly
A PacBio library was constructed from genomic DNA 
and sequenced, yielding approximately 53.16 Gb of clean 
data. This amount of data corresponds to approximately 
65X coverage, as illustrated in Fig. 2B. Figures 2C-D, and 
2E depict the distribution of GC content and contig cov-
erage depth, respectively. The assembly of reads into con-
tigs resulted in a mean coverage depth of 57.91X, with 
an N50 length of 19.69 Kb and an average read length 
of 18.2 Kb, as detailed in Table S1-2. Additionally, read 
length distribution statistics are provided in Table S1-3. 
Initially, the total length of the genome contig sequence 
was 947.06 Mb, with a contig N50 of 5.11 Mb following 

Fig. 2  The results of Survey, Hifi sequencing depth, and GC content. A The k-mer distribution graph for k = 21. B Sequencing depth of PacBio reads. The 
horizontal axis represents sequencing depth, and the vertical axis represents the proportion of base pairs at that sequencing depth to the total number 
of base pairs. C GC content distribution graph. D The scatterplot based on GC distribution and depth of coverage information of contigs, where colour 
shades are used to reflect the density of points in the scatterplot. The horizontal axis represents the GC content, and the vertical axis represents the cover-
age depth. E Distribution of contig coverage depth
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assembly with Hifiasm. Sequences potentially repre-
senting contamination, such as plastid or mitochondrial 
DNA, were identified and excluded through BLAST 
searches against relevant databases. Subsequent to this 
decontamination process, the total genomic contig length 
was revised to 899.89 Mb, with a contig N50 of 5.49 Mb, 
as reported in Table 1.

 Table  1 also indicates that out of 458 core eukary-
otic genes (CEGs), 434 were successfully assembled 
using CEGMA, achieving a completion rate of 94.76%. 
Of the 248 highly conserved CEGs analyzed, 237 were 
successfully assembled, reflecting a completion rate of 
95.56%. The BUSCO v5.4.7 assessment, employing the 
infecta_odb10-m genome, indicated a genome integrity 
of 85.49%. This assessment detailed the following pro-
portions: complete single-copy core genes at 21.96%, 
complete multi-copy core genes at 63.53%, fragmented 
core genes at 7.06%, and deletions of core genes at 7.45%. 
The total number of genes in the core gene set was 255. 
To assess the completeness of genome assembly and the 
uniformity of sequencing coverage, the alignment of Illu-
mina sequencing data with the L. nematophagus genome 
achieved a second-generation alignment rate of 98.67%, 
with an average depth of 74 and coverage rates of 99.82% 
for 1X and 95.18% for 20X. Similarly, the alignment of 

PacBio HiFi sequencing data with the L. nematophagus 
genome yielded a third-generation alignment rate of 
98.86%, with an average depth of 60 and coverage rates of 
99.99% for 1X and 92.35% for 20X. The results indicated 
that the genome assembly was relatively complete, with 
high integrity and sequencing uniformity.

Genome annotation and assessment
As indicated in Table S1-4, the Hi-C library underwent 
sequencing on the Illumina high-throughput sequenc-
ing platform, leading to the generation of 138.37 Gb of 
clean data. The GC content of this library was measured 
at 42.72%, with an N base proportion of 0.02%. Quality 
scores (Q-scores) for Q20 and Q30 reached 97.42% and 
93.45%, respectively. Analysis of the Hi-C library, con-
ducted using HiC-Pro (v2.10.0), yielded 340,056,553 
unique read pairs. Of these, 221,972,677 pairs, or 65.28%, 
constituted valid Hi-C data that aligned with the genome. 
The categorization of read types is detailed in Table S1-5. 
Employing Hi-C-assisted genome assembly, a total of 
895.47  Mb was mapped onto four chromosomes. This 
mapping was accomplished following Hi-C assembly 
adjustments and manual heatmap refinements, constitut-
ing 99.51% of the final assembled genome size, which was 
899.92 Mb. From these chromosome-mapped sequences, 

Table 1  Genome assembly and annotation statistics of L. nematophagus
Genome assembly Gene annotation
Accession Number JBRFHS000000000 Number of genes 45,225

Total length of sequencing reads (Gb) 53.16 Gb Protein-coding genes 40,737

Average sequencing depth 65.0 × Mean gene length (bp) 4139.21

Average length of sequencing reads (Kb) 18.2 Exons length (bp) 84,554,519

Number of scaffolds 401 Mean exon length (bp) 1869.64

Total length of scaffolds (Mb) 899.92 Exons number 262,424

N50 scaffold length (Mb) 231.83 Mean exon number per gene 5.8

N90 scaffold length (Mb) 165.63 CDS length (bp) 78,459,823

The longest scaffold length (Mb) 243.83 Mean CDS length (bp) 1734.88

Number of contigs 677 CDS number 259,415

Total length of contigs (Mb) 899.89 Mean CDS number per gene 5.74

N50 contig length (Mb) 5.49 Introns length (bp) 102,641,253

N90 contig length (Mb) 0.995 Mean intron length (bp) 2269.57

The longest contig length (Mb) 23.88 Introns number 217,199

Number of gaps 276 Mean intron number per gene 4.8

Total length of gaps (Kb) 27.6 BUSCO completeness (%) 92.16

Assembly size (Mb) 899.92 Transposable elements (%) 33.56

GC (%) 41.34 Tandem repeats (%) 16.52

Gaps (%) 0 Repetitive elements Size (%) 50.08

Number of assembled chromosomes 4 Number of ncRNAs 6740

Chromosome-level contig N50 (Mb) 5.49 Number of rRNA 770

Chromosome-level scaffold N50 (Mb) 231.83 Number of miRNA 0

CEGMA 94.76% Number of snRNA 0

BUSCO completeness (%) 85.49% Number of tRNA 5970

BioProject PRJNA1308648 Number of pseudogene 647

BioSample SAMN50709787 Number of motifs 1904

Number of domains 57,069
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856.23  Mb, or 95.62% of the anchored sequence, were 
successfully ordered and oriented as shown in Table 
S1-6. The final genome assembly was achieved after 
implementing Hi-C error correction, assembling acces-
sory chromosomes, and eliminating redundancies. This 
genome assembly comprises 899.92  Mb with a con-
tig N50 of 5.49 Mb and a scaffold N50 of 231.83 Mb, as 
recorded in Table 1.

To evaluate the Hi-C assembly results, the assembled 
genome was divided into bins of 300,000  bp each. The 
number of Hi-C read pairs between each pair of bins was 
quantified, serving as an indicator of interaction inten-
sity. As depicted in Fig.  3A, four distinct chromosome 
groups were identified. Within each group, interaction 
intensity is markedly higher along the diagonal, indi-
cating robust interactions between adjacent sequences 
(diagonal), in contrast to weaker interactions across non-
adjacent sequences (off-diagonal regions). Moreover, the 
Circlize software facilitated the creation of circular plots 
that illustrate gene density, repeat sequence density, GC 
content, and collinearity, as shown in Fig. 3B.

Based on Hi-C clustering and subgenome phas-
ing analysis, we determined that L. nematophagus is an 

allotetraploid with a karyotype of 2n = 4x = 8. The four 
chromosomes were assigned to two subgenomes: A01 
and A02 belong to subgenome A, while B01 and B02 
belong to subgenome B, with homoeologous relation-
ships between A01/B01 and A02/B02.

To assess the completeness of the chromosome-level 
assembly, we searched for telomeric repeats. The canoni-
cal telomeric repeat motif AACCCT was identified at 
both ends of chromosome B01, specifically at positions 
1–10,000 bp and 214,965,325–214,975,325 bp. This find-
ing suggests that chromosome B01 approaches telomere-
to-telomere (T2T) completeness. However, the current 
genome assembly still contains 276 gaps totaling 27.6 
Kb (Table 1), and telomeric repeats were not detected on 
other chromosomes (A01, A02, B02). Therefore, while 
this assembly represents a high-quality chromosome-
level reference, it has not yet achieved a full T2T status. 
The identification of telomeric repeats on B01 provides a 
foundation for future gap-closing efforts to obtain a com-
plete T2T genome.

The genome annotation encompasses repetitive 
sequences, coding genes, and functional annotations, 
including databases such as NR, eggNOG, GO, KEGG, 

Fig. 3  Overview of the assembly and annotation of the L. nematophagus genome. A Hi-C assembly chromosome interaction heatmap. 4 distinct chro-
mosome groups can be clearly distinguished from each other. B Genomic circle diagrams used to display gene density, repeat sequence density, GC 
content, and collinearity situations. C The distribution graph of genes from Ab initio, Homology, and transcriptome after integration with the EVM soft-
ware. D Classification statistics of genes classified and annotated by the GO database. E Classification statistics after annotation of gene functions in the 
eggNOG database
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Fig. 4 (See legend on next page.)
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TrEMBL, Swiss-Prot, KOG, Pfam, and InterPro. It also 
includes pseudogenes and annotations for non-coding 
RNAs. TEs within the repetitive sequences constitute 
approximately 301,977,592 base pairs, or 33.56% of the 
genome, as noted in Table S1-7. Additionally, tandem 
repeat sequences account for 148,700,161 base pairs, or 
16.52% of the genome, as listed in Table S1-8. Accord-
ing to Table S1-9, we identified 45,225 coding genes 
through a combination of homology-based, de novo, 
and transcriptome-based predictions. The integration 
of these genes, facilitated by EVM and supported by the 
three aforementioned methods, is detailed in Fig.  3C. 
This figure confirms that most genes are validated by at 
least two methods, underscoring the high accuracy of 
the predictions. The prediction accuracy is further evalu-
ated in Table S1-10, which compares genetic character-
istics such as gene length, exon length and count, intron 
length and count, and coding sequence (CDS) length 
with those of selected species. The completeness of gene 
prediction was assessed using the BUSCO (v5.2.2) tool, 
which identified 235 conserved core genes within the 
predicted set, representing 92.16% of BUSCO genes and 
indicating a high level of completeness. Non-coding gene 
prediction, employing multiple software tools, resulted 
in the identification of 5,970 tRNAs, 770 rRNAs, and no 
detected snoRNAs or miRNAs, as shown in Table S1-11. 
Subsequent software comparisons and corrections led 
to the prediction of 647 pseudogenes, documented in 
Table S1-12. The predicted gene sequences were anno-
tated using the aforementioned databases, with 90.08% of 
genes successfully annotated, as detailed in Table S1-13. 
Specifically, the GO database annotated 33,017 genes, 
accounting for 73.01% of all coding genes. This analy-
sis allows for the classification of genes into three main 
categories: cellular component, molecular function, and 
biological process, as depicted in Fig.  3D. The KEGG 
database annotated 32,198 genes, covering 71.20% of 
the genome, while the KOG database annotated 24,697 

genes, representing 54.61%. The Pfam database anno-
tated 35,089 genes, accounting for 77.59% of the total. 
The SwissProt database annotated 22,276 genes (49.26%), 
and the TrEMBL database annotated 39,015 genes 
(86.27%). The eggNOG database annotated 28,542 genes, 
representing 63.11% of the coding genes, with 26.99% 
(7,643 genes) encoding proteins of unknown function 
and 16.34% (4,517 genes) encoding proteins with pre-
dicted signaling mechanisms, as illustrated in Fig.  3E. 
Furthermore, analysis revealed 1,904 modal motifs and 
57,069 structural domains, as listed in Table S1-14. The 
genome assembly has been deposited in the NCBI under 
accession number JBRFHS000000000, and the annota-
tion data have been uploaded to the Figshare platform (​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​3​​0​0​0​0​7​3​0​.​v​1).

Gene family identification, phylogenetic, and gene family 
expansion analysis
To investigate the genomic basis of the unique predatory 
and adaptive traits of L. nematophagus, we performed 
gene family clustering and comparative genomic analyses 
with selected model species representing key evolution-
ary lineages.

Our analysis identified 24,690 gene families. Table S2-2 
provides the statistical details of gene family clustering 
for each species. Figures 4A-B indicate that a total of 945 
gene families were common across all species. L. nema-
tophagus displayed 12,664 gene families, which repre-
sent 51.30% of the total. This species also possessed 6,585 
species-specific orthogroups comprising 22,436 genes, 
accounting for 49.60% of the total gene count. These fig-
ures are relatively higher compared to those of the other 
species analyzed. It is important to note that the identi-
fication of species-specific orthogroups can be sensitive 
to the quality of genome assemblies and annotations, 
as well as the parameters used for orthology inference. 
Therefore, these numbers should be interpreted as esti-
mates that provide a foundation for further exploration 

(See figure on previous page.)
Fig. 4  Gene family clustering and phylogenetic analysis. A The clustered gene family diagrams of the six species involved in comparative genomics 
analysis, namely D. melanogaster, D. japonica, A. aegypti, S. mediterranea, C. elegans, and L. nematophagus. The middle circle represents the number of gene 
families common to all species, and the sides represent the number of gene families specific to each species. Note: The sizes of the petals in this diagram 
are determined by the visualization software’s layout algorithm and do not represent the relative proportions of gene family counts. Please refer to the 
numerical labels and Table S2-2 for accurate gene family statistics. B Venn diagram of gene family clustering. The number below the species name is the 
total number of gene families, with the corresponding number of genes in parentheses; the number in the Venn diagram is the number of gene families. 
C. elegans is not included in this diagram due to the visualization software’s limitation of displaying a maximum of 5 species. Please refer to Supplementary 
Figure S2 for a visualization including all six species. C The phylogenetic tree with divergence times and a plot of the copy number distribution of each 
species across all gene families. The times on the evolutionary tree on the left indicate the time of divergence supported by the 95% highest posterior 
density (HPD). At the bottom of the tree is geological time, and at the top of the tree are absolute ages in millions of years, shaded to define each geo-
logical period. Common geological periods include: Neoproterozoic, Cambrian, Ordovician, Silurian, Devonian, Carboniferous, Permian, Triassic, Triassic, 
Jurassic, Cretaceous, Paleogene and Neogene. The graph on the right shows the number of gene families containing 0 copies, 1 copy, 2 copies, 3 copies, 
4 copies, and more than 4 copies per species. D GO enrichment analysis of unique gene families in L. nematophagus. The horizontal axis represents the 
annotation information of the GO term, the left vertical axis shows the proportion of unique genes under this GO term among all unique genes, and the 
right side shows the number of unique genes under this GO term. E KEGG enrichment analysis of the unique gene family in L. nematophagus. The vertical 
axis represents the KEGG pathway annotation information, the horizontal axis represents the number of genes under that KEGG pathway, and the color 
represents the -log10 of the corresponding q-value

https://doi.org/10.6084/m9.figshare.30000730.v1
https://doi.org/10.6084/m9.figshare.30000730.v1
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rather than absolute counts. As the visualisation software 
can display a maximum of five species, C. elegans is not 
included in Fig. 4B. For a visualisation incorporating all 
six species, please refer to Supplementary Figure S2 and 
Table S2-2.

In L. nematophagus, the distribution of gene family 
copy numbers was characterized by a notably higher pro-
portion of families with 2 copies (33%) and more than 4 
copies (4.9%) compared to other species. The distribution 
was as follows: 48.7% had 0 copies, 6.2% had 1 copy, 33% 
had 2 copies, 3.4% had 3 copies, 3.8% had 4 copies, and 
4.9% had more than 4 copies. The gene counts for fami-
lies with 1, 2, 3, 4, and more than 4 copies were 1,525, 
16,312, 2,550, 3,716, and 12,712, respectively, as shown in 
Fig.  4C. GO and KEGG enrichment analyses were con-
ducted for species-specific gene families as depicted in 
Figs.  4D-E. In the GO biological process category, 295 
genes were associated with DNA-mediated transposition, 
225 with the stress-activated protein kinase signaling cas-
cade, and 116 with inositol phosphate ceramide metabo-
lism, as detailed in Table S3-1. The enrichment analysis 
highlighted distinct gene functions related to lipid metab-
olism, including activities of lipases and phospholipases, 
as well as those of serine and collagen. Additionally, 
genes related to antioxidant activity, oxygen response, 
digestive system development, detoxification, drug 
response, reproduction, and embryonic development 
were identified, as shown in Figs. S3-7. For cellular com-
ponents, 251 genes were linked to the membrane side, 
272 to the plasma membrane protein complex, 163 to the 
cytoplasmic side of the membrane, and 177 to the recep-
tor complex, as outlined in Table S3-2. The enrichment 
analysis underscored that the functions of specific gene 
families were associated with transmembrane transport, 
signal transduction, antioxidant activity, detoxification, 
and protein degradation, as illustrated in Figs. S8-9. In 
the molecular function category, 266 genes were related 
to transposase activity, 254 to carbohydrate binding, and 
178 and 120 to monosaccharide binding and mannosyl-
transferase activity, respectively, as listed in Table S3-3. 
The enrichment analysis demonstrated that specific gene 
families were enriched in activities such as phospholi-
pase, protease and peptidase, transmembrane transport, 
signal transduction, and antioxidant and oxidoreductase 
activities, as shown in Fig. S10-12. In the KEGG analy-
sis, 287 genes were enriched in the lysine degradation 
pathway, 158 in arachidonic acid metabolism, 164 in the 
NOD-like receptor signaling pathway, and 117 and 130 in 
necrotic apoptosis and base excision repair, respectively, 
as recorded in Table S3-4. KEGG pathway enrichment 
analysis, depicted in Fig. S13, revealed that specific gene 
families were involved in energy substance metabolism, 
protein digestion and absorption, oxidative stress, and 
various signaling pathways.

The phylogenetic tree depicted in Fig.  4C was con-
structed using 1,373 single-copy gene sequences that 
were compared and concatenated. This tree shows strong 
bootstrap support across all nodes, with values of 100%, 
indicating high confidence in the inferred topology. The 
evolutionary timeline suggests that D. japonica, S. medi-
terranea, L. nematophagus, and C. elegans diverged 
during the Neoproterozoic era, approximately 650 to 
540  million years ago. L. nematophagus diverged later 
than D. japonica and S. mediterranea, around 599  mil-
lion years ago, but earlier than C. elegans, which diverged 
591  million years ago, and significantly earlier than D. 
melanogaster and A. aegypti, both of which diverged 
around 241 million years ago.

The evolutionary tree of the species, which illustrates 
the contraction and expansion of gene families, is pre-
sented in Fig.  5A. An analysis of gene family dynamics 
in L. nematophagus throughout its evolution revealed 51 
gene family expansions and one contraction, specifically 
in the mannose phosphatidylinositol ceramide synthetase 
gene, as detailed in Table S2-3. These changes in gene 
families were analyzed using GO and KEGG enrichment 
analyses through Cluster Profile, as shown in Figs. 5B-C. 
The GO analysis identified expansions in biological pro-
cesses (Table S3-5) including 42 genes linked to cellular 
drug response, 24 to ammonium ion response, and 15 
to membrane protein hydrolysis. The functions of these 
expanded gene families were enriched in areas such as 
lipid metabolism, neural signaling, reproduction, water 
homeostasis, detoxification, behavior, antioxidant activ-
ity, response to oxygen, and response to various stim-
uli, as detailed in Figs. S14-17. In cellular components 
(Table S3-6), expansions included 29 genes related to 
synaptic vesicles, 15 to voltage-gated potassium chan-
nel complexes, and 11 to both essential and intrinsic 
synaptic vesicle membrane components. The functions 
of these expanded gene families, as depicted in Fig. S18, 
were enriched in reproduction, embryonic development, 
transmembrane transport, and signal transduction. 
Molecular function analysis (Table S3-7) revealed expan-
sions of 83 genes in metalloendopeptidase activity, 15 
in metallopeptidase activity, 35 in aspartate-type endo-
peptidase activity, and 18 in carboxyhydrolase activity. 
These expanded gene families were enriched in functions 
including antioxidant activity, response to oxygen, phos-
pholipase activity, lipid metabolism, peptidase activity, 
transmembrane transport, signal transduction, detoxi-
fication, and drug response, as shown in Figs. S19-20. 
The KEGG analysis (Table S3-8 and Fig. S21) identified 
significant expansions of 17 genes within the pentose-
glucuronide interconversion pathway, 46 in lysine degra-
dation, and 29 in both the Notch signaling and nucleotide 
excision repair pathways, as well as in the cascade sig-
nal transduction pathway. These pathways are crucial 
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for embryonic development, maintenance of adult stem 
cells, tissue homeostasis, and repair. As listed in Table 
S2-4, only one gene, XspB01G048080, was significantly 
positively selected in L. nematophagus.

Discussion
The genome of L. nematophagus, encompassing 
899.92  Mb with a Scaffold N50 of 231.83  Mb, has been 
assembled at the chromosome level for the first time. 
This species, a newly identified genus and species of 
Rhabdocoela, was discovered in soil affected by root-
knot nematode disease in Anshun, Guizhou Province [6]. 
It shows significant potential for the biological control 
of plant-parasitic nematode diseases. Our study under-
scores several distinctive features that set this species 
apart from traditional model planarian species:

(1) Unlike model planarians that rely on stem cells 
for regeneration, L. nematophagus lacks regenerative 
capabilities. Instead, it exhibits effective reproduction 
through self-fertilization (Figs. S1 A-D), contrasting 
sharply with the regenerative mechanisms of Tricladida 
and Macrostomida planarians such as D. japonica, S. 
mediterranea, and M. lignano. (2) Adaptation to soil eco-
systems in L. nematophagus is marked by the expansion 
of gene families related to transmembrane transport, 
antioxidant activity, detoxification, and oxygen response, 
which may reflect its evolutionary adjustments to terres-
trial habitats. (3) Predatory behavior towards plant-para-
sitic nematodes is another key trait (Fig. 1A); preliminary 
pot experiments have confirmed its efficacy in managing 
tomato root-knot nematode disease, as illustrated in Figs. 
S1 E-I. (4) The species also demonstrates the capability 
for large-scale laboratory cultivation. For instance, under 
our standard rearing conditions (e.g., 100 transparent 
plastic culture tanks equipped with aerator pumps (80 L/

min flow rate, 0.030  MPa pressure), 60  cm in length, 
40  cm in width, and 15  cm in height, under dark con-
ditions at 25  °C), it can produce up to 200  million eggs 
annually. This high fecundity addresses a significant chal-
lenge in producing sufficient biological material for nem-
atode control.

The potential of L. nematophagus for controlling 
root-knot nematode disease is further underscored by 
the sequencing and analysis of its chromosome-level 
genome in this study. This research provides the first 
chromosome-level reference genome of L. nematopha-
gus, with a genome size of 899.92  Mb and a Scaffold 
N50 of 231.83 Mb. This size is intermediate between the 
genomes of D. japonica (1.13 Gb) and S. mediterranea 
(840.2 Mb) as reported in the existing literature [23, 25]. 
Earlier genome assemblies for planarians, such as the 
first draft of D. japonica (Scaffold N50 = 27.7 kb) [24] and 
the initial S. mediterranea assembly (dd_Smed_g4, Scaf-
fold N50 = 3.85 Mb) [15], were highly fragmented due to 
the limitations of short-read sequencing. However, recent 
advances in long-read sequencing and Hi-C technolo-
gies have led to substantial improvements. For instance, 
the latest S. mediterranea assembly has achieved chro-
mosome-scale (schMedS3h1, N50 = 270.2  Mb) [25]. 
While the genome of D. japonica has been significantly 
improved to a highly contiguous, scaffold-level assembly 
(N50 = 652.52  kb) [23]. The chromosome-level assembly 
of L. nematophagus (Scaffold N50 = 231.83 Mb) achieves 
contiguity comparable to that of the latest high-quality 
references. The enhanced continuity achieved in this 
assembly is attributed to the utilization of an integrated 
sequencing strategy combining Hi-C with multi-platform 
sequencing (Illumina and PacBio HiFi), which effectively 
mitigates assembly fragmentation commonly exacerbated 
by a high proportion of repetitive sequences (50.08%). 

Fig. 5  Analysis of gene family expansion and contraction. A The species evolutionary tree with contraction and expansion of gene families drawn using 
CAFE v4.2 software. The ‘+’ represents the number of expanding gene families at the node, and the ‘-’ represents the number of contracting gene families 
at the node. The pie charts represent the proportion of contracting and expanding gene families in the corresponding branches. The size of circles in this 
figure is determined by the visualisation software’s layout algorithm and does not represent the number of expanded/contracted gene families. For the 
precise number of expanded/contracted gene families across species, please refer to the figures and Table S2-3 (B) GO enrichment analysis of expanding 
gene families in L. nematophagus. The horizontal axis represents the annotation information of the GO term, the left vertical axis shows the proportion 
of expanding genes under this GO term among all expanding genes, and the right side shows the number of expanding genes under this GO term. C 
KEGG enrichment analysis of the expanding gene family in L. nematophagus. The vertical axis represents the KEGG pathway annotation information, the 
horizontal axis represents the number of genes under that KEGG pathway, and the color represents the -log10 of the corresponding q-value
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In contrast, S. mediterranea, despite employing PacBio 
combined with Chicago technology, faces challenges due 
to its higher repeat content (61.7%) and the presence of 
large Gypsy elements from the Burro family [15]. These 
findings highlight the necessity of integrating long-read 
sequencing technologies with three-dimensional genome 
mapping to effectively resolve complex, highly repetitive 
genomes.

In addition to high contiguity, the repetitive sequence 
content in L. nematophagus constitutes 50.08% of its 
genome, positioning it intermediately among the pub-
lished genomes of flatworms. This percentage surpasses 
the values reported for D. japonica [24] and certain Mac-
rostomum species [29], yet it remains lower than those 
documented for S. mediterranea [15], S. polychroa [30], 
and another assembly of D. japonica [23]. Similarly, the 
TE content in L. nematophagus, at 33.56%, is less than 
that observed in S. mediterranea, S. polychroa, S. nova, 
and S. lugubris [25]. This substantial genomic repeti-
tiveness, primarily attributed to TEs, appears to have 
facilitated gene family innovation in L. nematophagus, 
including notable expansions in pathways related to neu-
ropeptide signaling, detoxification, and predation. In con-
trast, the elevated rate of BUSCO duplication observed 
in M. lignano is linked to a recent whole-genome dupli-
cation rather than to TE proliferation, underscor-
ing potential differences in the mechanisms that drive 
repeat content expansion and their functional implica-
tions across different planarian lineages [29]. The repeti-
tive genomic landscape has likely supported the noted 
gene family innovations, particularly the expansions 
in metalloendopeptidases (83 genes) and synaptic ves-
icle components (29 genes). These expansions may play 
important roles in the degradation of nematode cuticle 
and could contribute to the enhancement of prey detec-
tion capabilities.

L. nematophagus exhibits the highest gene count 
(45,225) among the planarians reported to date, marked 
by significant enrichment in three principal functional 
modules. Firstly, it possesses an abundance of predator-
specific enzymes such as metalloendopeptidase, phos-
pholipase, and lipase. These enzymes likely facilitate the 
degradation of nematode cuticles, exemplified by those 
of M. incognita. Secondly, there is a notable expansion 
of gene families associated with detoxification, environ-
mental response, water homeostasis, and ABC trans-
porters, which may enhances its capacity to adapt to 
diverse soil environments. Thirdly, the organism dis-
plays a significant expansion in gene families involved 
in neural signal transduction, including those related to 
lysine degradation and the Notch signaling pathway. This 
expansion is distinct from the regeneration-associated 
pathways, such as Wnt and FGFR, observed in S. medi-
terranea [25]. The focus on gene families associated with 

predator specialization and environmental adaptation in 
L. nematophagus is functionally analogous to the pat-
terns observed in Tricladida (S. mediterranea and D. 
japonica); however, the specific pathways expanded dif-
fer notably, such as lysine degradation and neural sig-
naling in L. nematophagus versus Wnt signaling and 
stem cell maintenance in Tricladida [31]. This diver-
gence likely stems from the prolonged adaptation of the 
Rhabdocoela lineage to predatory habitats. The genome 
of L. nematophagus also shows a significant expansion 
in gene families related to neural signaling, response to 
environmental stimuli, and drug response, suggesting a 
complex gene regulatory network potentially essential 
for predation behavior and environmental perception 
in soil. In contrast, the genome of M. lignano primarily 
contains simple tandem repeats (approximately 75%) and 
exhibits low levels of CpG methylation (approximately 
2.5%) [26], indicating that epigenetic regulation may 
play a role in sustaining the high proliferative activity of 
neoblasts in this species. Furthermore, while S. mediter-
ranea lacks essential metabolic genes such as FASN and 
MAD1/2 [15], other species like D. japonica [24] and S. 
polychroa [30] have retained these genes, suggesting that 
L. nematophagus may possess complete metabolic path-
ways conducive to thriving in predatory environments. 
Nevertheless, additional genetic functional analyses are 
required to confirm this hypothesis. Unlike typical model 
planarians, although the KEGG enrichment analysis of L. 
nematophagus revealed a significant expansion in genes 
associated with stem cell homeostasis pathways, includ-
ing Notch and Wnt, these organisms have not demon-
strated tissue regeneration capabilities.

Genomic analysis has disclosed a substantial expan-
sion in gene families pertinent to neural signaling, stress 
response, and peptidase activity in L. nematophagus. 
Notably, the count of metalloendopeptidase genes has 
risen to 83. This augmentation may provide a molecu-
lar basis for the distinct ecological characteristics of the 
species, including its affinity for soil environments and 
its predatory behavior towards nematodes [6]. For an 
exhaustive overview of the whole-genome alignment data 
comparing L. nematophagus with other planarian model 
species, refer to Table 2, which includes direct links to the 
NCBI database and publication DOIs for each reference 
genome. Detailed whole-genome information for species 
within the class Rhabditophora, as cataloged in the NCBI 
database, can be found in Table S4.

Further comparative genomic analyses have demon-
strated significant enlargements in gene families related 
to neural signaling, such as those associated with syn-
aptic vesicles, responses to environmental stimuli 
including antioxidant and oxygen-responsive genes, 
and transposase activity in L. nematophagus. These 
genes show functional enrichment in areas such as 
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transmembrane transport, lipid metabolism, exemplified 
by lipase activity, and proteolysis, specifically concerning 
metalloendopeptidase activity. This enrichment indicates 
a potential role of these genes in the sophisticated pre-
dation strategy of L. nematophagus, which involves the 
recognition, capture, and digestion of nematodes. The 
evolution of these flatworms from a model focused on 
regeneration to one emphasizing predatory capabilities 
has been clarified. The analysis of gene family expansions, 
including those involved in the Notch signaling pathway 
and the nucleotide excision repair pathway as indexed 
in the KEGG database, reveals that L. nematophagus 
possesses specific adaptive traits for maintaining tissue 
homeostasis and responding to environmental stresses. 
These genetic adaptations provide a foundation for the 
species’ effective predation on nematodes within soil 
ecosystems.

Over a century ago, researchers established that the 
majority of Rhabdocoela species have lost their capacity 
for tissue regeneration and repair [27, 28], a characteris-
tic also observed in L. nematophagus. Unlike D. japonica, 
L. nematophagus not only lacks regenerative capabilities 
but also exhibits self-fertilization, which leads to a real-
location of resources toward this exclusive reproductive 
strategy. This adaptation is likely connected to its evo-
lutionary progression, enhancing population growth to 
flourish in complex soil environments. Genomic analysis 
reveals a marked expansion in gene families associated 
with reproduction and embryonic development (Figs S15 
and 18). Niels V. S. et al. clarified the transition of spe-
cies within the Typhloplanidae from marine origins to 
freshwater and terrestrial habitats [32]. L. nematopha-
gus, a novel genus and species within the Typhloplanidae, 

resides in moist soil [6]. Essential factors enabling C. 
elegans and soil-dwelling arthropods to prosper in soil 
encompass the MAPK pathways, antioxidant systems, 
hypoxia tolerance, and osmoregulation-related genes 
[33–35]. Whole-genome analysis of L. nematophagus 
has uncovered gene expansions in areas such as detoxi-
fication, homeostasis, oxidative stress response, stimulus 
sensitivity, transmembrane transport, and signal trans-
duction (Figs. S14-20). These gene expansions may con-
tribute to L. nematophagus’ adaptability to soil stresses, 
including desiccation, hypoxia, and exposure to exter-
nal substances. The identification of expanded synaptic 
vesicle genes (29 genes, Figs. S14-17) and the significant 
enrichment of neural signal transduction-related gene 
families suggest a potential role in sensory perception 
and motor coordination, which could be relevant for 
navigating complex soil environments and detecting 
prey. However, as synaptic vesicle components are fun-
damental to neuronal function across all animals, their 
expansion may also reflect broader neural requirements 
unrelated to predation. L. nematophagus consumes nem-
atodes entirely using its muscular pharynx [6], a process 
that requires the degradation of the complex nematode 
cuticle, which consists of lipids, proteins (including col-
lagen), glycoproteins, and chitin [36–38]. Interestingly, 
nematode-trapping fungi such as Dactylella dianchien-
sis, Arthrobotrys oligospora, and Monacrosporium micro-
caphoides employ a convergent strategy, secreting an 
array of enzymes (e.g., proteases, collagenases, phospho-
lipases) to penetrate this barrier [39–41]. Our genomic 
analysis not only aligns with this convergent strategy for 
breaching the nematode cuticle but also identifies specific 
gene families associated with phospholipase activity and 

Table 2  List of whole genome sequence information of L. nematophagus and model planarians
Order Rhabdocoela Tricladida Macrostomida
Species L. nematophagus S. mediterranea D. japonica M. lignano

Genome assembly JBRFHS000000000 GCA_045838265.1 GCA_002269645.1

Genome size (Mb) 899.92 840.2 1,128.2 764.4

Number of scaffolds 401 662 10,017 5269

Scaffold N50 231.83 Mb 270.2 Mb 652.52 kb 246.2 kb

Number of contigs 677 833 10,017 5,974

Contig N50 5.49 Mb 9.6 Mb 248.44 kb 215.3 kb

GC percent 41.34 29.5 24.1 46

Genome coverage 65.0 × 44.0 × 79.0 × 180.0 ×

Assembly level Chromosome Chromosome Scaffold Scaffold

Reference DOI ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​2​4​-​5​2​3​8​0​-​9 ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​1​6​​/​j​​.​y​g​​e​n​o​​.​2​0​2​​2​.​​1​
1​0​2​9​3

NCBI Database Link ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​d​a​​t​a​s​e​​t​s​​/​g​e​​n​
o​m​​e​/​G​C​​A​_​​0​4​5​8​3​8​2​6​5​.​1​/

​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​n​c​b​​​i​.​
n​​​l​m​.​​n​​i​​h​.​​​g​o​v​/​​d​a​t​​a​s​​​
e​t​s​​/​g​e​​​n​o​m​​e​​/​​G​C​A​
_​0​0​2​2​​6​9​6​4​5​.​1​/

The bold texts indicate the chromosome-level genome size of Luticola nematophagus. DOIs refer to the primary publications describing each genome assembly. 
NCBI database links provide direct access to the deposited genome assemblies

https://doi.org/10.1038/s41467-024-52380-9
https://doi.org/10.1016/j.ygeno.2022.110293
https://doi.org/10.1016/j.ygeno.2022.110293
https://doi.org/10.1016/j.ygeno.2022.110293
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_045838265.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_045838265.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002269645.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002269645.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002269645.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002269645.1/
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reveals significant expansions in gene families involved 
in peptidase (particularly metalloendopeptidase) activity 
and lipid metabolism. The particular and expanded genes 
encoding enzymes that degrade crucial components of 
the nematode cuticle (e.g., lipases/phospholipases for 
lipids, peptidases for proteins/collagen) suggest a poten-
tially vital role for these enzymes in the predation process 
of L. nematophagus. Additionally, expansions in neural 
signal transduction genes may support the sensory detec-
tion of nematode prey and the precise motor coordina-
tion necessary for efficient engulfment. Taken together, 
these genetic characteristics are strongly implicated in 
the recognition, ingestion, and particularly the digestive 
breakdown of nematodes by L. nematophagus.

Planarians display predatory behaviors towards 
small invertebrates, which coexist with their extraordi-
nary capabilities for tissue repair and regeneration. The 
research conducted by Robert E. Ogren [18] at Wilkes 
University in 1995 delineates the predatory strategies of 
planarians. These strategies include hunting, attacking, 
and capturing prey through mechanisms such as mucus 
adherence, pharyngeal expansion, toxic secretion, and 
physical constriction, followed by the secretion of diges-
tive fluids to facilitate feeding. Similarly, L. nematopha-
gus targets root-knot nematodes, progressively engulfing 
and digesting the entire organism via the pharynx, yet 
refrains from absorbing the nematode’s internal fluid due 
to its diminutive size (Fig.  1A). This mode of predation 
bears resemblance to that of the aquatic Rhabdocoela 
flatworm, Mesostoma ehrenbergii, which consumes small 
invertebrates like Daphnia magna and A. aegypti using 
discernibly different methods [42]. Predatory behav-
ior in flatworms typically manifests as a combination of 
active predation and scavenging, attraction to chemical 
cues, and neurotoxin production [18]. Similar to how 
Giardia anceps has been observed to regulate mosquito 
populations [22], L. nematophagus demonstrates poten-
tial in controlling infestations of root-knot nematodes. 
However, various flatworm species exhibit diverse tac-
tics in hunting and consuming prey according to the 
type encountered [43]. Despite these observations, there 
remains a paucity of comprehensive research exploring 
the complex interactions between flatworms and their 
prey.

L. nematophagus exhibits remarkable convergent evo-
lution in the central module of predator digestion and 
detoxification. The expansion of lipase and peptidase 
gene families in L. nematophagus parallels that observed 
in Tenodera sinensis [44], promoting the efficient deg-
radation of their high-protein prey, nematodes for L. 
nematophagus and insects for T. sinensis. This similarity 
suggests that convergent evolution may be driven by the 
demands of predatory diets [44]. Additionally, L. nema-
tophagus shows an expansion in the lipase gene family 

and enhanced metabolism of arachidonic acid, which 
likely contributes to osmoregulation in soil humus. In 
terms of detoxification and signal transduction, there is 
a notable expansion in the ABC transporters, glutathione 
metabolism, and genes associated with oxidative stress 
response. These expansions are comparable to those in 
the P450/GST gene family observed in predatory mites 
[45, 46] and Arma custos [47], potentially reflecting a 
coordinated adaptation to environmental and dietary 
toxins. However, the mechanisms of expansion vary; for 
example, A. custos has significantly expanded the P450/
GST gene family to counteract toxins from a diverse 
range of prey [47], whereas L. nematophagus primarily 
may enhance antioxidant mechanisms and transmem-
brane transport to mitigate xenobiotic impacts in the 
soil. In the realm of neural signal perception and prey 
capture, L. nematophagus possesses an expanded array 
of genes related to neurosignal transduction and diges-
tive enzymes, including metalloendopeptidases and 
those involved in lipid metabolism. These genes have 
functions analogous to venom proteins in A. custos [47], 
which facilitate the immobilization and digestion of 
prey. In contrast to the visually oriented T. sinensis [44], 
L. nematophagus relies on genes responsive to environ-
mental stimuli, such as stress-activated MAPK, to adapt 
to sensory perception in dimly lit soil environments. The 
evolutionary mechanisms of the genome in L. nematoph-
agus significantly diverge from those of insect predators. 
While T. sinensis utilizes recent LTR retroposon bursts to 
facilitate gene expansion (e.g., trypsin, ABC transporter) 
[44], L. nematophagus predominantly employs partial 
gene duplication or paleo-whole genome duplication. 
This results in a more compact genome, which is main-
tained within the stable soil niche. Notably, a substan-
tial portion (49.6%) of the expanded gene families in L. 
nematophagus are species-specific, a proportion mark-
edly higher than that seen in model insects. This distinc-
tion may be attributed to unique adaptations linked to its 
soil-dwelling lifestyle, autogenous breeding behavior, and 
specialized predation on nematodes. Niche differentia-
tion profoundly influences the functional evolution of L. 
nematophagus. Unlike terrestrial natural enemies such as 
ladybugs and mantises, L. nematophagus exhibits expan-
sions in sphingolipid metabolism, antioxidant defense 
mechanisms, and cuticle-degrading enzymes (proteases/
lipases). These expansions may represent adaptations 
that help address the challenges posed by oxidative stress 
in soil, digestion of nematode cuticles, and osmotic pres-
sure regulation in humus-rich environments. The spe-
cific prey type (nematodes) necessitates the enrichment 
of cuticle-degrading enzymes, while predators of aphids 
(e.g., Aphidoletes aphidimyza) extend their chemorecep-
tors to detect plant volatiles, supporting a prey-sensing 
coevolutionary model [48].
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The distinctive genomic characteristics of L. nema-
tophagus confer unique practical benefits, particularly 
through the presence of genes encoding metalloendo-
peptidase and phospholipase. This discovery offers a 
promising avenue for the development of environmen-
tally benign agents for the management of plant-parasitic 
nematodes. Additionally, the capacity of L. nema-
tophagus for self-reproduction facilitates its large-scale 
propagation, while its adaptability to soil environments 
enhances its persistence and population growth in these 
habitats. Consequently, these traits amplify the preda-
tory effectiveness against plant-parasitic nematodes, thus 
enhancing the efficacy of strategies for nematode disease 
prevention and control.

Although our findings provide significant insights, 
it is important to acknowledge the limitations of this 
study. First, the functional roles of the expanded gene 
families we identified remain speculative. These include 
metalloendopeptidases, neural signaling components, 
detoxification genes, and positively selected genes 
(XspB01G048080). Their proposed involvement in nema-
tode predation, soil adaptation, and loss of regeneration 
requires rigorous experimental validation using CRISPR/
Cas9 or RNAi. Without such functional data, the precise 
molecular mechanisms underlying these key traits will 
remain elusive.

Second, our comparative genomic analysis was con-
strained by the limited availability of high-quality chro-
mosome-level genomes. To date, no closely related 
Rhabdocoela species or a few other non-model predatory 
flatworms have been sequenced. This scarcity prevented 
us from conducting comprehensive synteny analyses or 
identifying deeply conserved regulatory elements. For 
example, it hindered our ability to systematically contrast 
regeneration pathways (e.g., Wnt/FGFR) with preda-
tion pathways or to fully resolve the genomic structural 
changes associated with the evolution of nematode-spe-
cific predation within Platyhelminthes.

Third, although we successfully annotated an abun-
dance of tRNAs and rRNAs, we did not explore the func-
tional roles of non-coding RNAs (ncRNAs). The apparent 
absence of snoRNAs and miRNAs in our annotations is 
noteworthy but requires further investigation. This rep-
resents a significant gap in our understanding of poten-
tial post-transcriptional regulatory mechanisms that may 
govern predation or stress responses in L. nematophagus.

Fourth, our assessment of soil adaptation was primar-
ily based on genomic evidence. Currently, empirical data 
on the specific physiological and behavioral mechanisms 
that enable survival under variable natural soil condi-
tions are lacking. These include responses to desicca-
tion, extreme temperatures, and hypoxia. Furthermore, 
we have not yet evaluated the stability of its predatory 

efficacy across different soil types or under different agri-
cultural management practices.

Finally, the ecological impact and safety profile of L. 
nematophagus as a biocontrol agent remain unclear. 
Critical issues require further investigation, including 
its potential effects on non-target soil fauna such as ben-
eficial nematodes, microarthropods, and earthworms. 
Its long-term persistence in the field after release also 
remains unknown. These unresolved questions pose sig-
nificant challenges for the practical application of this 
species.

Addressing these limitations will require targeted 
efforts in future research. Building upon this chromo-
some-level genome assembly, functional validation of 
expanded gene families—such as metalloendopepti-
dases, synaptic vesicle components, and detoxification 
enzymes—using CRISPR/Cas9 or RNAi should be pri-
oritized to move from genomic correlations to mecha-
nistic understanding of predation, soil adaptation, and 
reproductive traits. In parallel, expanding comparative 
genomic resources to include additional Rhabdocoela 
species and other predatory flatworms will enable robust 
synteny analyses and clarify the evolutionary trajectory 
of nematode-specific predation and regeneration loss. 
From an applied perspective, comprehensive field trials 
are needed to evaluate long-term biocontrol efficacy and 
environmental safety of L. nematophagus across diverse 
agricultural conditions, while optimization of artificial 
breeding protocols informed by reproduction-associ-
ated genes could enhance cost-effective mass rearing. 
Finally, exploring synthetic biology approaches—such 
as engineering rhizosphere microbes with key L. nema-
tophagus-derived cuticle-degrading enzymes—may offer 
alternative self-sustaining strategies for nematode man-
agement within the plant root zone.

In conclusion, this study presents the first chromo-
some-level genome assembly for the Rhabdocoela flat-
worm, L. nematophagus, thereby addressing a critical 
gap in genomic resources for non-model flatworms. Our 
analysis deciphers the genetic architecture underlying 
its specialization as a soil-dwelling nematode predator, 
potentially driven by expansions in gene families related 
to neural signaling and environmental response. These 
findings establish a crucial molecular link between its 
unique adaptations—soil persistence, nematode preda-
tion efficiency, and high reproductive output through 
self-fertilization—and its promising potential as a novel 
biological control agent against plant-parasitic nema-
todes, as preliminarily validated in our experiments. The 
genomic resource and mechanistic insights provided 
herein lay a solid foundation for future research into 
flatworm predatory biology and pave the way for the 
development of sustainable, flatworm-based biocontrol 
strategies.
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Conclusion
This study establishes the inaugural chromosome-level 
genome assembly for the nematophagous flatworm L. 
nematophagus, providing insights into the molecular 
foundations of its key adaptations: (1) Expansions in 
gene families associated with neural signaling, such as 
synaptic vesicles, and peptidases, including metalloen-
dopeptidases, may enhance its specialized capabilities 
for nematode predation; (2) Genes for detoxification and 
transmembrane transport may facilitate its survival in 
soil environments; (3) Self-fertilization paired with high 
fecundity may offset the loss of regenerative abilities. 
These findings deepen our comprehension of evolution-
ary trade-offs within Platyhelminthes and underscore the 
significant potential of L. nematophagus as a biocontrol 
agent, as preliminarily validated by its efficacy against 
root-knot nematodes.

Materials and methods
Collection of Eggs from L. nematophagus for Whole 
Genome Sequencing
An adult L. nematophagus was placed in a 9 cm petri dish 
containing sterile water and fed with Panagrellus redivi-
vus until it laid eggs, according to Focken’s method [49]. 
After the eggs were laid, they were transferred to a new 
dish. This feeding process was repeated until a total of 
100 eggs were collected. These eggs were then transferred 
to a larger culture basin and reared until a population 
size sufficient to produce approximately 100,000 eggs was 
achieved. A total of 100,000 eggs from this culture were 
collected using a 350-mesh screen and cleaned with ster-
ile water, then promptly frozen in liquid nitrogen for stor-
age at -80 ℃. DNA and RNA extracted from these egg 
samples were utilized for genome survey, HiFi, Hi-C, and 
transcriptome sequencing-assisted gene annotation.

DNA and RNA extractions, library construction, and 
sequencing
Genomic DNA and total RNA were extracted by Bio-
marker Technologies Co., Ltd (Beijing, China) using 
the sodium dodecyl sulfate (SDS) and TRIzol methods, 
respectively [50, 51]. The concentration and purity of 
DNA (A260/A280 and A260/A230 ratios) were assessed 
using a NanoDrop spectrophotometer, and the concen-
tration of double-stranded DNA was quantified using a 
Qubit® 2.0 Fluorometer. The integrity of the DNA was 
evaluated via 1% agarose gel electrophoresis. Similarly, 
the concentration and purity of RNA were determined 
using NanoDrop, and its integrity was assessed with an 
Agilent 2100 Bioanalyzer.

Validated genomic DNA was fragmented to the target 
size of 350 bp by ultrasonication. A short-insert (350 bp) 
paired-end sequencing library was then constructed fol-
lowing the manufacturer’s instructions (Illumina), which 

included end-repair, A-tailing, adapter ligation, size 
selection, and PCR amplification. The size and quan-
tification of the library fragments were assessed using 
Qseq400 and Qubit. The qualified libraries were bound 
to Primer and Polymerase (both from PacBio, USA) using 
the PacBio Binding kit (PacBio, USA). The final reaction 
products were purified using AMpure PB Beads (PacBio, 
USA). Subsequently, the paired-end 150  bp (PE 150) 
sequences of the library were processed on the Sequel III 
(PacBio, USA) sequencer for online sequencing. The data 
generated from the sequencing were evaluated for GC 
distribution statistics, Q20 and Q30 values, and filtered 
to obtain high-quality data (clean reads).

For transcriptome-assisted gene annotation, mRNA 
was enriched by poly(A) selection using Oligo(dT) mag-
netic beads (Vazyme Biotech Co., Ltd.) and subsequently 
fragmented with the provided fragmentation buffer. The 
mRNA then served as a template for synthesizing the 
first strand of cDNA. After the synthesis of the second 
strand, the double-stranded cDNA was purified using 
AMPure XP beads (Vazyme Biotech Co., Ltd.). This 
purified double-stranded cDNA underwent end repair, 
A-tailing, adapter ligation, and target fragment selection 
using NEBNext End Prep (End Repair Reaction Buffer 
and End Prep Enzyme Mix). The cDNA library was then 
enriched through PCR amplification. Upon construction, 
the library’s concentration and insert size were assessed 
using Qubit 2.0 and Agilent 2100. The concentration and 
quality of the library were further quantified accurately 
using Q-PCR. A library with a PE150 insert was con-
structed and sequenced on the Illumina NovaSeq 6000 
platform.

K-mer analysis for genome survey
K-mer analysis was conducted on Illumina paired-end 
sequencing data (350 bp insert size) to estimate genome 
size, heterozygosity, and repeat sequence rate. The 
genome size was predicted using the formula G = K_num 
/ peak_depth, where K_num denotes the total number of 
K-mers and peak_depth represents the depth of K-mers. 
A total of 72.28 Gb of clean reads were used to con-
struct a K-mer distribution map. The proportion of Q20 
sequencing data was 96.97%. The K-mer (k = 21) depth 
was calculated using Jellyfish software (v2.2.7) [52]. The 
heterozygosity rate and repeat sequence rate were esti-
mated using GenomeScope software (v1.0) [53].

Genome assembly
The low-quality data from sequencing were filtered to 
obtain 2,920,733 reads. The high-accuracy HiFi reads 
(high-fidelity reads) were then assembled using Hifiasm 
v. 0.19 software (​h​t​t​p​​s​:​/​​/​a​r​x​​i​v​​.​o​r​​g​/​a​​b​s​/​2​​0​0​​8​.​0​1​2​3​7) [54]. 
The assembly process with Hifiasm can be divided into 
three main steps. The first step involves identifying and 

https://arxiv.org/abs/2008.01237
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correcting haplotype errors and performing phasing of 
heterozygous SNPs. The second step entails constructing 
an assembly graph, specifically a phasing string graph, 
with reads serving as vertices and overlapping regions 
as edges. The third step involves generating assembly 
sequences. The final version of the genome was obtained 
by using NCBI’s NT (nucleotide sequences) and mito-
chondrial database (​h​t​t​p​​s​:​/​​/​f​p​.​​n​c​​b​i​.​​n​l​m​​.​n​i​h​​.​g​​o​v​/​​r​e​f​​s​e​q​/​​
r​e​​l​e​a​s​e​/​m​i​t​o​c​h​o​n​d​r​i​o​n​/) to filter out NT contamination 
and mitochondrial sequences. The completeness and 
uniformity of the assembled genome’s sequencing cov-
erage were evaluated based on four key aspects. Firstly, 
Illumina reads were mapped onto the genome using Bur-
rows-Wheeler Aligner software (​h​t​t​p​​s​:​/​​/​b​i​o​​-​b​​w​a​.​​s​o​u​​r​c​e​f​​
o​r​​g​e​.​n​e​t​/) [55–57]. Secondly, HiFi reads were compared 
with the assembled genome using Minimap2 software (​h​
t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​l​h​3​/​​m​i​​n​i​m​a​p​2) [58]. Thirdly, CEGMA 
v2.5 (Core Eukaryotic Genes Mapping Approach), which 
contains 458 conserved eukaryotic core genes and 248 
highly conserved CEGs, was used to assess the complete-
ness of the assembled genome with default parameters 
[59]. Finally, BUSCO v3 (Benchmarking Universal Sin-
gle-Copy Orthologs), comprising 1,658 conserved insect 
genes, was executed using data from the INSECTA data-
base (OrthoDB v9) to quantitatively assess the complete-
ness of the assembled genome [60].

Hi-C
A single lane of the Illumina NovaSeq 6000 (150  bp PE 
reads) was used to construct Hi-C (High-throughput/
Resolution Chromosome Conformation Capture) frag-
ment libraries with insert sizes ranging from 300 to 
700  bp, utilizing the Biomarker Hi-C Library Prep Kit 
for Illumina [61]. From the Hi-C library, 138.37 Gb of 
clean read pairs were obtained and subsequently mapped 
to the polished L. nematophagus genome using the bwa 
version 0.7.10 software [57] with default parameters. 
Reads whose mates mapped to different contigs were 
used for Hi-C-associated scaffolding. Hi-C-Pro v2.10.0 
was employed to filter out invalid reads, including those 
resulting from self-ligation, non-ligation, PCR ampli-
fication, random breaks, and extreme fragments [62]. 
The LACHESIS software [63] was used to correct and 
assemble the Hi-C contigs with the parameters: CLUS-
TER_MIN_RE_SITES = 389; CLUSTER_MAX_LINK_
DENSITY = 2; ORDER_MIN_N_RES_IN_TRUNK = 249; 
ORDER_MIN_N_RES_IN_SHREDS = 241. Then we used 
SubPhaser (v1.2.5) software [64] for subgenomic typing 
analysis. This process ultimately resulted in a chromo-
somal-level, high-quality assembly of the L. nematopha-
gus genome.

Telomere analysis
Telomeric repeats were identified using the TeloExplorer 
module of quarTeT (v1.2.5r4) [65] with the parameter ‘-m 
100’. The genome was scanned for tandem repeats char-
acteristic of telomeres, and the presence of the repeat 
motif AACCCT at chromosome ends was examined.

Annotation of repetitive sequences
The annotation of transposable elements (TEs) and tan-
dem repeats was conducted using specific workflows. TEs 
were identified through a blend of homology-based and 
de novo methods. A de novo repeat library was created 
using RepeatModeler (​h​t​t​p​​:​/​/​​w​w​w​.​​r​e​​p​e​a​​t​m​a​​s​k​e​r​​.​o​​r​g​/​R​e​p​
e​a​t​M​o​d​e​l​e​r​/) [66], which automatically executes two de 
novo repeat finding programs: RECON [67] and Repeat-
Scout [68]. Full-length long terminal repeat retrotranspo-
sons (fl-LTR-RTs) were identified using both LTRharvest 
(v1.5.9) [69] and LTR_finder (v2.8) [70]. LTR_retriever 
[71] was used to produce high-quality, intact fl-LTR-RTs 
and a non-redundant LTR library. A non-redundant, 
species-specific TE library was constructed using this 
de novo TE sequence library alongside the known Dfam 
(v3.5) database [72]. The final TE sequences in the L. 
nematophagus genome were identified and classified by a 
homology search against this library using RepeatMasker 
(v4.12) [73]. Tandem repeats were annotated using Tan-
dem Repeats Finder (TRF 409) [74], and microsatellites 
were identified with the Microsatellite identification tool 
(MISA v2.1) [75].

Annotation of protein-coding gene
Three methods were integrated to annotate protein-
coding genes in the genome: de novo prediction, homol-
ogy search, and transcript-based assembly. The de novo 
gene models were predicted using two ab initio gene-
prediction software tools: Augustus (v3.1.0) [76] and 
SNAP [77]. In the homology-based approach, GeMoMa 
(v1.7) [78] was used with a reference gene model from 
four other species: Caenorhabditis elegans, D. japonica, 
M. lignano, and S. mediterranea. For the transcript-based 
prediction, RNA-sequencing data were mapped to the 
reference genome using Hisat (v2.1.0) [79] and assembled 
with Stringtie (v2.1.4) [80]. GeneMarkS-T (v5.1) [81] 
was utilized to predict genes based on the assembled 
transcripts. The PASA (v2.4.1) [82] software predicted 
genes using the unigenes and full-length transcripts 
from PacBio (ONT) sequencing, which were assembled 
by Trinity (v2.11) [83]. Gene models from these differ-
ent approaches were combined using the EVM software 
(v1.1.1) [84] with the weight assignments listed in Table 3 
for each evidence source.

After EVM integration, we performed several post-
processing steps to refine the gene models. First, 
the EVM results were compared with the individual 

https://fp.ncbi.nlm.nih.gov/refseq/release/mitochondrion/
https://fp.ncbi.nlm.nih.gov/refseq/release/mitochondrion/
https://bio-bwa.sourceforge.net/
https://bio-bwa.sourceforge.net/
https://github.com/lh3/minimap2
https://github.com/lh3/minimap2
http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org/RepeatModeler/
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homology-based and transcriptome-based predictions 
using BLAST searches. Gene models present in the indi-
vidual predictions but absent from the EVM output were 
added to the final set if they met the following criteria: 
sequence identity ≥ 50%, and both query and target cov-
erage ≥ 80%. Second, loci lacking start codons or stop 
codons, containing ambiguous nucleotides (Ns), or har-
boring transposon-related protein domains were filtered 
out. Third, the filtered gene models were updated using 
PASA (v2.4.1) [82] with the parameters ‘-c alignAssem-
bly.config --CPU 12 -A -L’ to incorporate untranslated 
regions (UTRs) and alternative splicing information 
where transcript evidence supported such structures.

Functional annotation of protein-coding genes
Gene functions were inferred based on the best matches 
from alignments to the National Center for Biotechnol-
ogy Information (NCBI) Non-Redundant (NR), EggNOG 
[85], KOG, TrEMBL [86], InterPro, and Swiss-Prot [86] 
protein databases, using Diamond BLASTP (v0.9.29.130) 
and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database with an E-value threshold of 1E-3 [87]. 
Protein domains were annotated using InterProScan 
(v5.34-73.0) [88], which relies on the InterPro protein 
databases. The motifs and domains within gene models 
were identified using the PFAM databases [89]. Gene 
Ontology (GO) IDs for each gene were obtained from 
TrEMBL, InterPro, and EggNOG.

Annotation of non-coding RNA genes
The tRNAscan-SE (v1.3.1) [90] algorithm with default 
parameters was employed to identify tRNA genes, which 
are adaptor molecules composed of RNA that link the 
three-letter genetic code in messenger RNA (mRNA) 
with the twenty-letter amino acid code in proteins. For 
rRNA identification, barrnap (v0.9) [91] with default 
parameters was used to identify genes associated with 
rRNA. snoRNAs, a class of small RNA molecules that 
guide chemical modifications of other RNAs, primar-
ily ribosomal RNAs, transfer RNAs, and small nuclear 
RNAs, were also cataloged. MiRNAs and snRNAs were 

identified using the Infernal (v1.1) [92] software against 
the Rfam (v14.5) [93] database with default parameters.

Pseudogene prediction
Pseudogenes typically share sequences similar to those of 
functional genes but may have lost their biological func-
tion due to genetic mutations, such as insertions and 
deletions. After masking the predicted functional genes, 
we used the GenBlastA (v1.0.4) [94] program to scan the 
entire genomes. We then analyzed putative candidates 
by searching for premature stop codons and frameshift 
mutations using GeneWise (v2.4.1) [95].

Gene family identification
For comparative genomic analyses, we selected a range 
of species to represent key evolutionary lineages and 
functional contrasts. Drosophila melanogaster and Aedes 
aegypti were chosen as well-characterized arthropod out-
groups. C. elegans serves as a representative nematode, 
which is both a model organism and the prey of L. nema-
tophagus. D. japonica and S. mediterranea were included 
as model planarians from the order Tricladida, represent-
ing the regenerative capabilities and genomic resources 
within Platyhelminthes that contrast sharply with L. 
nematophagus (order Rhabdocoela). To cluster fami-
lies of protein-coding genes, we used proteins derived 
from the longest transcripts of each gene from L. nema-
tophagus and other selected species mentioned above. 
The genomic information for these species, used in our 
comparative genomic analysis, is listed in Table S2-1. 
We employed the OrthoFinder software (v2.4.0) [96] to 
compare the protein-coding sequences from the L. nema-
tophagus genome with those from the other species. The 
gene families identified were annotated using the PAN-
THER V14 database [97].

Phylogenetic analysis
To reconstruct the phylogenetic relationships, we used 
the 1,373 single-copy ortholog genes identified by Ortho-
Finder. Protein sequences of these orthologs were aligned 
using the MAFFT (v7.205) [98] program with the param-
eters ‘--localpair --maxiterate 1000’, which is suitable for 
high-accuracy alignments. The corresponding coding 
DNA sequence (CDS) alignments were generated from 
the protein alignments using pal2nal (v14) [99] to pre-
serve the reading frame. Conserved and reliably aligned 
regions were extracted using Gblocks (v0.91b) [100] 
with the parameters ‘-t = c -b5 = h’, which removes poorly 
aligned positions and divergent regions. The resulting 
codon alignments were concatenated into a supergene 
matrix using an in-house Perl script. Phylogenetic infer-
ence was performed using IQ-TREE (v2.2.0) [101] under 
the maximum likelihood (ML) criterion. The best-fit 
substitution model was automatically selected using the 

Table 3  Weight assignments for different evidence sources in 
EVM integration
Evidence source Category Weight
PROTEIN (OTHER) PROTEIN 50

PROTEIN (GeMoMa) PROTEIN 50

AUGUSTUS ABINITIO_PREDICTION 0.3

SNAP ABINITIO_PREDICTION 0.3

GeMoMa (ab initio) ABINITIO_PREDICTION 0.3

OTHER (OTHER_PREDICTION) OTHER_PREDICTION 100

alignAssembly-PASA TRANSCRIPT 50

RNAseq assembly TRANSCRIPT 20
Weights reflect the relative confidence assigned to each evidence type during 
gene model integration in EVM (v1.1.1)
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ModelFinder Plus option (‘-m TEST’) [102], which iden-
tified LG + F+I+G4 as the optimal model based on the 
Bayesian Information Criterion (BIC). Branch support 
was assessed with 1,000 ultrafast bootstrap replicates (‘--
bb 1000’) [103].

Divergence time estimation
Divergence times were estimated using the MCMC-
TREE program implemented in the PAML package 
(v4.9i) [104]. To obtain an ultrametric tree required for 
subsequent gene family evolution analysis in CAFE, we 
calibrated the molecular clock using three fossil-based 
constraints derived from the TimeTree database [105] 
(http://www.timetree.org/):D. japonica vs. A. aegypti: 
543.0–670.1  million years ago (Mya); C. elegans vs. D. 
melanogaster: 555.2–941.0 Mya; D. melanogaster vs. 
Aedes aegypti: 216.6–265.7 Mya. These calibration points 
were applied as soft bounds at the corresponding nodes 
in the phylogenetic tree. The MCMCTREE analysis was 
run with the following settings: model = 3 (HKY85), 
clock = 3 (independent rates), and burn-in = 10,000,000 
iterations, followed by 100,000 samples collected every 
100 iterations. Convergence was checked by examining 
the effective sample sizes (ESS) of the parameters. The 
resulting time-calibrated tree was used as input for CAFE 
analysis.

Gene family expansion and contraction analysis
Based on the divergence times and phylogenetic rela-
tionships obtained from the time-calibrated tree gener-
ated by MCMCTREE, we utilized CAFE (v4.2) [106] to 
analyze gene family expansion and contraction. CAFE 
employs a random birth and death model to explore 
gene gains or losses across specified phylogenetic trees. 
We calculated a conditional p-value for each gene family, 
considering those with a conditional p-value of less than 
0.05 as exhibiting an accelerated rate of gene gain or loss. 
The gene families in L. nematophagus that expanded or 
contracted (p-value ≤ 0.05) were mapped to KEGG path-
ways for functional enrichment analysis. This analysis 
used hypergeometric test algorithms, and the Q-value 
(False Discovery Rate, FDR) was estimated to adjust the 
p-values using the R package (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​S​t​o​r​​e​y​​
L​a​b​/​q​v​a​l​u​e).

Positively selected genes
We selected five species from the phylogenetic tree to 
estimate the ratio (ω) of non-synonymous (Ka) to syn-
onymous (Ks) nucleotide substitutions using the PAML 
(v4.9i) package [104]. After obtaining high-quality align-
ments of the relevant sequences, we compared vari-
ous evolutionary models within a likelihood framework 
based on the species trees. A branch-site model was 
implemented to determine the average ω across the tree 

(ω0), the ω of the branch under examination (ω2), and 
the ω of all other branches (ω1).

Statistical analysis
Data from the pot experiments were collected using Excel 
2018, analyzed through one-way ANOVA with GraphPad 
Prism 10 software and charted.
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