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Root-knot nematodes (RKNs) of the genus Meloidogyne pose the most significant threats to global
food security due to their destructive nature as plant-parasitic nematodes. Although significant
attention has been devoted to investigating the gene transcription profiling of RKNs, our
understanding of the translational landscape of RKNs remains limited. In this study, we elucidated the
translational landscape of Meloidogyne incognita through the integration of translatome,
transcriptome and quantitative proteome analyses. Our findings revealed numerous previously
unannotated translation events and refined the genome annotation. By investigating the genome-wide
translational dynamics of M. incognita during parasitism, we revealed that the genes of M. incognita
undergo parasitic stage-specific regulation at the translational level. Interestingly, we identified 470
micropeptides (containing fewer than 100 amino acids) with the potential to function as effectors.
Additionally, we observed that the effector-coding genes in M. incognita exhibit higher translation
efficiency (TE). Further analysis suggests that M. incognita has the potential to regulate the TE of
effector-coding genes without simultaneous alterations in their transcript abundance, facilitating
effector synthesis. Collectively, our study provides comprehensive datasets and explores the
genome-wide translational landscape of M. incognita, shedding light on the contributions of

translational regulation during parasitism.

The assessment of transcript abundance has long served as the predominant
method for monitoring changes in gene expression levels'”. However,
because of most biological processes are ultimately carried out by proteins,
the accuracy of transcript abundance as a predictor of protein abundance
has been a topic of debate’, and increasing studies have illustrated that
translational regulation can result in a low correlation between transcription
levels and protein levels™. Acting as a pivotal process in decoding genetic
information into functional proteins, translation is meticulously regulated at
multiple levels*’. These intricate regulatory processes ensure precise timing,
accuracy, and efficiency in protein synthesis, ultimately determining the
function and fate of the resulting proteins within the organism'". Addi-
tionally, translational regulation has been recognized as crucial in swiftly
and reversibly modifying gene expression in response to developmental and
environmental cues'".

Polyphagous root-knot nematodes (RKNs, Meloidogyne spp.) are the
most damaging soil-borne pests that cause significant yield losses in agri-
culture and pose a threat to global food security'>". After hatching from the
eggs of RKNs, the second-stage juveniles (J2s) use a hollow protrusive stylet
to penetrate plant roots, enter the vascular cylinder and become sedentary,
where they establish feeding sites and develop into third-stage (J3), fourth-
stage (J4) and adult nematodes'"*. The successful parasitism of RKNs
involves complex gene expression regulation, prompting extensive research
into their parasitism mechanisms, particularly at the transcriptional
level """, For instance, comparative transcriptome analysis has provided
important insights into the expression regulation of genes involved in the
parasitism process™”', identifying a series of effectors that participate in
suppressing host defense, such as MiSGCR1", MiISE6” and Mi-gst-17.
Meanwhile, advancements of mass spectrometry (MS) have enabled precise
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profiling of protein content. For instance, proteomic analysis has been used
to refine the genome annotation of RKNs** and identified abundant proteins
secreted by Meloidogyne incognita’>*°. However, it is worth noting that
proteomic analysis has inherent limitations, often capable of detecting only a
subset of highly expressed proteins™”’. Furthermore, proteomics data pri-
marily offers insights into the global protein abundance rather than trans-
lation dynamics. Significantly, accumulating evidence have emphasized the
importance of translational regulation for metabolism, regulation, and
virulence in pathogens™ . Therefore, while transcriptome and proteome
analysis have yielded valuable insights into the parasitism mechanisms of
RKNs, they offer only a partial perspective, neglecting the crucial aspect of
translational regulation.

Ribosome profiling (Ribo-seq), a recently developed technology, pro-
vides an innovative strategy to monitor genome-wide translational
dynamics at nucleotide resolution by sequencing ribosome-protected RNA
fragments (RPFs)*'. By capturing RNAs bound to the ribosome, Ribo-seq
can accurately determine the translation events in RNAs, including small
open read frames (SORF) containing fewer than 100 amino acids™”". When
integrated with corresponding RNA-seq data, Ribo-seq further enables the
quantification of the gene’s translational efficiency (TE) by normalizing
ribosome footprint density with RNA abundance®. Notably, investigation
of TE dynamics has yielded significant insights into translational regulation
in various biological processes. For instance, reduced TE of genes involved in
pathogenesis and filamentation was discovered in Candida albicans during
morphogenesis™; TE of genes is frequently controlled by changing usage in
uORFs during retinal development in mouse”. Thus, this powerful
approach provides great opportunities to investigate the translational
landscape comprehensively and to gain a deeper understanding of the
parasitism mechanisms of RKNs.

M. incognita is recognized as one of the most harmful species of this
genus, causing global annual losses of approximately $100 billion'*. In this
study, we established an integrated approach that combines Ribo-seq, RNA-
seq and quantitative proteomics data for the in-depth analysis of the
translational landscape of M. incognita during parasitism. We uncovered
numerous previously unannotated translation events and demonstrated
that the genes in M. incognita are regulated at the translational level in a
parasitic stage-specific manner during parasitism. Notably, we identified
470 micropeptides encoded by sORF with the potential to function as
effectors. Furthermore, we observed that the effector-coding genes in M.
incognita not only exhibit higher TE, but also that M. incognita can selec-
tively enhance the TE of effector-coding genes without concurrent changes
in transcript abundance. These findings not only unveil the translational
landscape on genome-wide scale but also provide valuable insights into the
critical role of translational regulation in orchestrating effector synthesis in
M. incognita.

Results

Characterization of translational datasets based on tran-
scriptome, translatome and proteome

To investigate the translational dynamics of genes in M. incognita before
and after parasitism, we generated the Ribo-seq data in conjunction with
RNA-seq and quantitative proteomics data from pre-parasitic second-stage
juveniles (Pre-J2), parasitic third stage/fourth stage (J3/J4) and parasitic
adult female stage (Female) (Fig. 1A). The quality of these multi-omics
datasets was evaluated by mapping them to the reference genome
(Mi_assembly_v1)*. After stringent quality filtering of sequencing reads
and mapping, a total of 71.9 and 515.2 million (M) clean reads were yielded
from Ribo-seq libraries and RNA-seq libraries, respectively (Supplementary
Tables 1, 2). For the proteomic study, a total of 49,563 peptides were
obtained and 4891 proteins were identified and quantified.

Subsequently, the characteristics of RPFs were initially examined as
they are closely linked to the quality of Ribo-seq libraries. We found that the
RPFs in M. incognita are approximately 28 nt long (Fig. 1B), and pre-
dominantly mapped to the coding sequence (CDS) (Fig. 1C), consistent
with previous studies in free-living Caenorhabditis elegans*’. Meanwhile, the

length of RPFs that mapped in the CDS region also is around 28 nt (Fig. 1D).
Corresponding to codon triplets, we found that the RPFs with 28 nt showed
a clear 3-nt periodicity from their 5" end to the start and stop codons (a key
metric for confident ORF identification), and their P-site positions were
mainly at +12 (Fig. 1E). Reading frame analysis for the mapped RPFs
indicated that most of them are enriched in the first frame of the CDS
(Fig. 1F). These results demonstrated similar features to previous studies in
other organism®, and suggested the high quality of Ribo-seq data were
obtained in this study. Correlation analysis indicated that the replicates of
the three types of libraries (transcriptome, translatome, and proteome)
exhibited a high degree of correlation, with each set of replicates clustering
together as anticipated (Supplementary Fig. 1). The principal component
analysis (PCA) of multi-omics data showed a high repeatability between
replicates and clear stage-specific clustering (Fig. 1G-I). Together, these
results suggested that the high-quality multi-omics data were obtained in
this study and suitable for further analysis.

Integrative analysis of multi-omics identifies extensive unan-
notated translation events in M. incognita

To comprehensively catalog actively translated ORFs in M. incognita on a
genome-wide scale, we performed transcript assembly using RNA-seq data
to identify the novel transcripts that could potentially encode for proteins
(Fig. 2A). By comparing with the reference genome annotation of M.
incognita, we identified 2,713 novel transcripts, which were classified into 5
classes: intergenic (class code “u”, 1,274), intronic (class code “”, 626), cis-
natural antisense transcripts (class code “x”, 648), and others (class code “y”,
54; and class code “0”, 111). In addition, we utilized a common method*
(described in the Methods section) to predict IncRNAs in the 5 classes of
novel transcripts, which led to the identification of 1,764 putative IncRNAs
(Fig. 2A). Subsequently, we used RiboCode* in conjunction with Ribo-seq
data to identify the actively translated ORFs among the 5 classes of novel
transcripts, resulting in the identification of 820 actively translated ORFs,
and 51 of which were validated and quantified by proteomic data (Fig. 2B).
Notably, among the 820 newly discovered ORFs, 401 of them are coding
micropeptides (containing fewer than 100 amino acids). Additionally, we
further observed that 29.7% of the novel translated ORFs were derived from
the putative IncRNAs (Fig. 2C).

Meanwhile, the detection of actively translated ORFs in the reference
genome of M. incognita were also performed, we identified 27,867 anno-
tated ORFs with translational activity, with 4,834 being verified and quan-
tified through proteomic data (Fig. 2D). Furthermore, we also identified 129
downstream ORFs (dORFs), 51 upstream ORFs (uORFs), 81 internal ORFs,
and 55 overlapped ORFs from the genome of M. incognita and verified 11
stable proteins generated from these ORFs through proteomic data
(Fig. 2D). By visualizing the read coverage of the actively translated ORFs at
transcriptional and translational levels, the reliability of our translational
datasets we further verified (Fig. 2E). Additionally, a search of the newly
discovered ORFs against the recently published M. incognita genome*
revealed that only 159 of these ORFs were present in the updated genome.
Therefore, these results confirmed that the approach of identifying actively
translated ORFs in this study is robust, and a vast array of unannotated
ORFs with translational activity refined the genome annotation of M.
incognita.

M. incognita regulates gene translation in a parasitic stage-
specific manner during parasitism

To achieve a comprehensive understanding of the translational dynamics
of genes in M. incognita before and after parasitism, we performed del-
taTE analysis'” using Pre-J2 stage as the control and integrated Ribo-seq
and RNA-seq datasets to categorize genes into differentially transcribed
genes (DTGs, regulated by transcriptional abundance) and differential
TE genes (DTEGs, regulated by TE) (Fig. 4A). We revealed that, com-
pared to the pre-parasitic stage, only 9% (975) of the total regulated genes
were attributed to changes in TE (DTEGs) at J3/]4 stages, comprising 447
up-regulated DTEGs and 528 down-regulated DTEGs (Fig. 3B, D).
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Fig. 1 | Data quality and characteristics of multi-omics in M. incognita.

A Schematic overview of the experimental design in this study, depicting the
investigated of translational dynamics at Pre-J2, J3/J4, and Female stages of M.
incognita. B Length distribution of RPFs with a peak at 28 nt. C The proportion of
RPFs mapped to different genomic features. D Length distribution of RPFs mapped

PCA1 (27.18%)

PCAL1 (62.8%)

to CDS regions. E Representative bar plots showing the peptidyl-site (P-site) posi-
tions derived from 28-nt RPFs, with the P-site positions color-coded according to the
frame. F The proportion of RPFs mapped to the primary ORF and other possible
frames. G-I Principal component analysis (PCA) of the transcriptome, translatome,
and proteome data at Pre-J2, J3/J4, and Female stages of M. incognita.

Conversely, approximately 17.5% (2,756) of the total regulated genes
exhibited changes in TE (DTEGs) at Female stages, consisting of 1,632
up-regulated DTEGs and 1124 down-regulated DTEGs (Fig. 3C, E).
Notably, 52 DTEGs at the J3/J4 stage and 185 DTEGs at the Female stage
were further validated at the protein levels by proteomic analysis, sug-
gesting that changes in TE directly contribute to corresponding changes
in protein abundance (Supplementary Data 2). Furthermore, through
Venn analysis, we demonstrated that only 5.8% (204) of DTEGs were
simultaneously regulated at the translational level at the J3/J4 and Female
stages when compared to the Pre-J2 stage (Fig. 3F). To gain insights into
the potential function of DTEGs during M. incognita parasitism, we
conducted Gene Ontology (GO) enrichment analysis on the DTEGs at
J3/J4 and Female stages and found that these DTEGs were enriched in

several molecular function related to ‘cell adhesion molecule binding’,
‘protein binding’, ‘catalytic activity’ and ‘hydrolase activity’ (Supple-
mentary Fig. 2). Overall, these results suggest that the functional genes
are regulated at the translational levels by M. incognita in a parasitic
stage-specific manner.

M. incognita harbors a repertory of micropeptides with potential
to function as effector

As pivotal components for successful parasitism, the secretion of effectors is
crucial for establishing feeding site and manipulating host immune defense
during M. incognita parasitism®. Recently, there is growing interest in the
role of peptide effectors (amino acids < 100) during the parasitic process of
plant-parasitic nematodes”. Based on the deep-sequencing for RPFs, Ribo-

Communications Biology| (2025)8:140


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07533-x

Article

B
Novel transcripts discovery LncRNA prediction T int Actively
cl d ranseripts LC-MS/MS
Transcripts filtration ass code number tranlated ORFs
RNA -seq data > based on length and TPM ° 111 37
(2614) .
i 626 324
i 648 155 51
Reads mapping Removal of transcripts with hits X
(STAR) against the eggNOG database y 54 14
l (2164) u 1274 290
| ! c b
Transcripts assembly di ial Number of novel
(StringTie) Coding potential assessment translated ORFs in IncRNA Actively
LC-MS/MS
l \L ORF type tranlated ORFs
CPC2
2 o annotated ORFs 27867 4834
Compare to
reference annotation dORFs 120
(Gffcompare )
(576, 70.24%)
uORFs 51
l 11
internal ORFs 81
Select transcripts with class
code “i”, “x”, “u”, y”, “0” \l/ Number of novel overlapped ORFs 55
(total: 2713 ) translated ORFs in IncRNA
1764 putative IncRNAs
3,456,000 bp 3,457,000 bp 3,458,000bp 3,459,000 bp 3,460,000 bp
Chr1_01 L 1 1 1 1 1 1 1 1 L 1 1 1

RNA-seq reads

Ribo-seq reads

d h

Actively translated
ORF identified by
RiboCode

Mi_33529 (annotated ORF)

Mi_assembly_v1.gff
Mi_33529 (annotated ORF)

Fig. 2 | Translational landscapes of M. incognita as defined by multi-omics data.
A Analysis workflow for novel transcript discovery and IncRNA prediction, the
class codes of novel transcripts were adapted from gffcompare”, class code “u™:
intergenic, class code “i”: novel transcript fully contained in an annotated intron,
class code “x”: exon match on the opposite strand, class code “y”: contains a
reference within its introns, and class code “o0”: other same strand overlap with
reference exons. The transcripts with no hits against the eggNOG database were
retained and subsequently filtered by LGC tool”” and coding potential calculator
(CPC2)’ to remove the transcripts with coding potential. B Number of actively
translated ORFs identified from novel transcripts. C Proportion of actively

MSTRG.13639
(Novel translated ORF identified by Ribo-seq in IncRNA)

translated ORFs identified from putative IncRNAs. D Number of actively translated
OREFs identified from reference genome annotation: annotated ORFs, ORFs over-
lapping with annotated CDS with the same start and stop codon; internal ORFs,
OREFs located within annotated CDS but in different reading frame; overlapped
ORFs, ORFs located upstream or downstream of annotated CDS and overlapping
with them; dORFs, ORFs located downstream of annotated CDSs but not over-
lapped with annotated CDSs; uORFs, the ORFs located upstream of annotated CDS
but not overlapping with them. E Visualization of read coverage on actively
translated ORFs at transcriptional and translational levels using Integrative
Genomics Viewer (IGV).

seq provides key information of ribosome positions and thereby has the
tremendous potential and advantage to identify translated sSORFs™". In this
study, we identified 1,932 actively translated SORFs encoding micropeptides
(less than 100 amino acids). Among these, 470 micropeptides were found to
have potential secretory capabilities, as they contain a signal peptide but lack
transmembrane domains. These micropeptides are referred to as potential
small secretory peptides (PSSPs). Of these, 52 were further confirmed
through proteomic data, indicating the effective translation of these PSSPs
(Fig. 4A). The exon number distribution of the PSSPs showed that 79.8%
(375) are encoded by 2-3 exons (Fig. 4B). Length distribution of the PSSPs
revealed that most are concentrated between 60 and 100 amino acids
(Fig. 4C). In addition, we investigated the localization of a specific PSSP-
coding gene (Mi_25001) in M. incognita through in situ hybridization. As
expected, we detected strong signals (Mi_25001) in the esophageal gland of
J3/14 stage, which is known to be the primary site for effector synthesis in
plant-parasitic nematodes (Fig. 4D, F). These results provide evidence that

M. incognita harbors a repertory of micropeptides with the potential to
function as effector.

The effector-coding genes of M. incognita exhibit higher TE

To investigate the translational regulation of effector-coding genes of M.
incognita during parasitism, a total of 3,168 potential secretory protein
(including 470 potential small secretory peptides) from the actively trans-
lated ORFs were identified (Supplementary Fig. 3A). Among these, 7.04%
(223) were encoded by the newly discovered translated ORFs (Supple-
mentary Fig. 3B). We then compared the expression divergence between
potential secretory protein-coding genes and non-secretory protein-coding
genes at both the translational and transcriptional levels. Surprisingly, we
observed higher expression variances in potential secretory protein-coding
genes compared to non-secretory protein-coding genes at both levels.
(Fig. 5A, B). These results indicate that potential secretory protein-coding
genes are subject to broader regulation. Interestingly, further analysis
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Fig. 3 | Translational regulation of the M. incognita genes during parasitism.
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and down-regulated DTEGs at J3/J4 and Female stage compared to Pre-J2 stage. Red
and blue dots represent mRNAs with up- and down-regulated TE, respectively.
Genes under statistical threshold not shown in volcano plots. F Venn diagram
illustrating the overlap of DTEGs between J3/J4 and Female stages.
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Fig. 4 | Genome-wide characterization of PSSP. A Number of PSSP identified in
M. incognita and the proportion of PSSP verified by proteomics. B Distribution of
exon number in genes encoding PSSP. C Length distribution of PSSP in M.
incognita. D-F Detection of transcripts for PSSP (Mi_25001) using in situ

hybridization (ISH) in M. incognita adult females. D No ISH signal observed in
the sense probe. Bar = 100 um. E, F) ISH signal detected in the esophageal
gland (G) of M. incognita J3/J4 stage using digoxingenin-labeled antisense probe.
Bar = 100 um.
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secretory protein-coding genes. The asterisks “***” represent significantly different,
p <0.001, Wilcoxon tests).

revealed a higher TE in potential secretory protein-coding genes compared
to non-secretory protein-coding genes (Fig. 5C), signifying an accelerated
rate of protein synthesis. This finding implies that the effectors of M.
incognita may undergo regulation at the translational level, facilitating their
rapid synthesis and secretion.

To validate our hypothesis, previously published effectors in RKNs
were compiled. Through a homolog search (identity > 90) with these
published effectors, 28, 42, and 43 effectors were identified from the Pre-]2,
J3/J4, and Female stages, respectively. We further calculated the TE diver-
gence between the published effector-coding genes and the potential
secretory protein-coding genes, the results revealed a relatively low

difference in TE divergence between these two groups (Supplementary
Fig. 4). Notably, we compared the TE of the published effector-coding genes
with non-secretory protein-coding genes, we found that the M. incognita
effectors exhibit higher TE (Fig. 5D). These findings confirm that the reg-
ulation of M. incognita effectors can indeed occur at the translational level.

M. incognita has the potential to regulate the TE of effector-
coding genes without simultaneous alterations in their transcript
abundance

To gain deeper insights into the translational regulation of M. incognita
effectors during before and after parasitism, we identified the potential
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secretory protein-coding genes that exhibited differential regulation in TE or
transcriptional abundance at the J3/J4 and Female stages compared to the
Pre-]2 stage. These potential secretory protein-coding genes were categor-
ized into four distinct regulatory classes: forwarded (where both mRNA and
RPF abundances were regulated at similar rates, resulting in no significant
change in TE), buffered (where changes in TE counterbalanced changes in
mRNA levels), intensified (where changes in translational efficiency
amplified the effect of mRNA regulation), and exclusive (where significant
changes in RPF occurred without corresponding mRNA changes, leading to
substantial alterations in TE) (Fig. 6A). As a result, we found that the
majority (82.2%, 1147) of potential secretory protein-coding genes with
differential regulation at the J3/J4 stage, compared to the Pre-]2 stage, were
classified into the forwarded category. Notably, among the potential
secretory protein-coding genes showing differential regulation at the Female
stage compared to the Pre-J2 stage, the majority were classified into the
forwarded and buffered category. Specifically, 50.1% (836) were categorized
as forwarded, and 39.4% (658) as buffered (Fig. 6B).

Interestingly, our findings also revealed that 56 and 120 potential
secretory protein-coding genes with differential regulation at the J3/J4 and
Female stages were classified into the exclusive category (Fig. 6B). Among
these exclusive genes, 39 exhibited significant up-regulation in TE at the
J3/J4 stage, and 102 (including 2 previously published effectors) showed
similar TE up-regulation at the Female stage without corresponding
changes in transcriptional abundance (Fig. 6C, D). Furthermore, quanti-
tative proteomic analysis confirmed that the protein abundance of 3
potential secretory protein-coding genes increased significantly at the
Female stage, despite no changes in their transcript levels compared to the
Pre-]2 stage, further emphasizing the critical role of translational regulation
in protein production. These findings highlight the importance of TE
modulation in rapidly altering protein production, as regulating TE is faster
than initiating new RNA synthesis and increasing transcript abundance.
Overall, these results suggest that M. incognita has the potential to regulate

the TE of effector-coding genes without simultaneous alterations in their
transcript abundance, facilitating their synthesis.

Discussion

RKNs are notorious for infecting nearly all major crops, leading to sig-
nificant losses, and are considered the most economically important plant-
parasitic nematodes™. Although substantial progress in understanding the
transcriptional regulation involved in RKN parasitism, the role of transla-
tional regulation in this process is poorly understood, necessitating further
investigation to unravel its intricacies. In this study, we conducted transla-
tome, transcriptome, and quantitative proteome analyses at different
parasitic stages of M. incognita (Fig. 1), these multi-omics data enabled us to
uncover key insights into the translational landscape of M. incognita during
parasitism.

Ribo-seq, by deep-sequencing RPFs, allows for genome-wide mon-
itoring of translation events and has opened avenues for re-evaluation of the
coding potential of ORFs previously presumed to be non-translating™. For
instance, an increasing number of actively translated ORFs have been dis-
covered within nonclassical RNA molecules, including those previously
categorized as IncRNAs******. To uncover previously unannotated events in
M. incognita, we prepared RNA-seq libraries in this study by excluding
ribosomal RNA, enabling the capture of all RNA types with translational
potential. Consequently, we identified 1764 putative IncRNAs along with
244 actively translated ORFs within these IncRNAs (Fig. 2A, C). These
results suggested that the accurate annotation of the M. incognita genome
necessitates consideration of the actively translated ORFs located in all types
of RNAs. Recent evidence also suggests that the IncRNA-encoded peptides
play important roles in the development, for instance, the small peptide
encoded by pri, previously identified as a IncRNA in Drosophila, has
essential roles in epithelial morphogenesis™, and the peptide LINC01116
from cytoplasmic IncRNA in human contributes to neuronal
differentiation”. Therefore, the discovery of widespread unannotated events
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in M. incognita not only refines the genome annotation but also suggests
that these protein products may have important functions.

In recent years, the roles of peptide effectors (amino acids < 100) of
plant-parasitic nematodes in the parasitism process have gained
increasing attention. For instance, 16D10, a 13-aa peptide effector, has
been reported to interact with plant SCARECROW-like family tran-
scription factors and is required for RKN parasitism®*”. Recently, RAPID
ALKALINIZATION FACTOR (RALF)-like peptide effectors (42-54 aa)
were identified in RKNs, demonstrating that these RALF-like peptide
effectors not only possess the typical activities of plant RALFs but also
directly bind to the extracellular domain of FERONIA to modulate
specific steps of nematode parasitism-related immune responses, thereby
facilitating parasitism®. In this study, we harnessed the advantages of
Ribo-seq to detect actively translated sORFs, revealing the presence of
470 PSSPs (Fig. 3). Notably, our analysis shows that nearly 80% of these
PSSPs are encoded by genes containing 2-3 exons. This observation
suggests a streamlined genomic structure that may be functionally sig-
nificant for the rapid production of these micropeptides during para-
sitism. As a proof of concept, we further confirmed the specific
expression of a given PSSP within the nematode secretory organs-
esophageal gland (Fig. 3D, F). Although the function of most PSSP in M.
incognita remains unknown, the identification of PSSPs repertoire pro-
vides a valuable resource for the identification of peptide effectors in M.
incognita.

TE, quantifying ribosome occupancy in each mRNA molecule,
represents a genome-wide measurement of translational dynamics. In this
study, we unveiled the dynamic alterations of TE in functional genes and
found that DTEGs contributed 0.09-17.5% of the regulatory changes in a
parasitic stage-specific manner during M. incognita parasitism (Fig. 4).
Notably, the importance of regulating TE in functional genes has been
validated in various contexts. For instance, differential TE in orthologous
genes has been shown to contribute to phenotypic differences among yeast
species”’. Additionally, TE differences between healthy and tumor tissues
have been linked to proliferation”’. Hence, the identification of TE regula-
tion in numerous functional genes within this study strongly suggests that
translational regulation likely plays a significant role in the parasitism of M.
incognita.

Using various effectors to suppress host immune responses and
establish feeding sites has been identified as the main strategy for RKNs***,
Thus, the rapid synthesis and secretion of effectors are critical for the
parasitism of M. incognita. In this study, we demonstrated that potential
secretory protein-coding genes in M. incognita not only have higher TE
compared to non-secretory protein-coding genes (Fig. 5), but also some of
them experience an increase in TE alone, with no changes in their tran-
scription abundance (Fig. 6). The genetic information stored in the genome
undergoes a series of complex processes, including transcription, mRNA
splicing, transport, localization, and translation, to produce the proteinsﬁs.
Regulating TE can avoid global perturbations from transcription to trans-
lation, save time and energy consumption, and thereby provide a faster way
to produce proteins than to regulate RNA abundance. This observation
underscores the importance of considering translational regulation, as solely
focusing on changes in transcript abundance may result in overlooking
crucial effectors primarily controlled at the translational level. Together, our
study provides a comprehensive exploration of the genome-wide transla-
tional landscape in M. incognita.

Methods

Nematode sample collection

M. incognita was propagated on tomato (Solanum lycopersicum cv. Jinpeng
No. 3) in pots containing soil and sand (1 : 1) and grown under photoperiod
conditions of 16 h : 8 h, light : dark, at 25 °C conditions.

The egg masses of M. incognita were collected from tomato roots and
hatched in water at 25 °C to collect the fresh-hatched J2s (Pre-J2). After the
removal of the egg masses, the tomato roots were crushed to collect J3/J4
(sausage shaped) and adult female (pear shaped) of M. incognita under a

microscope. The collected Pre-J2, J3/J4, and adult female were immediately
frozen in liquid nitrogen. Three independent biological replicates were
conducted for RNA-seq, Ribo-seq, and proteomic library construction at
the three different developmental stages of M. incognita.

Ribo-seq library construction and sequencing

The Ribo-seq libraries were constructed following a previously established
method with adjustments®. Briefly, the worm pellets were then cryogeni-
cally pulverized and lysed with lysis buffer consisting of 0.1 mg/ml cyclo-
heximide (Sigma). The lysates were treated with RNase I to digest the
fragments that are not protected by ribosome and then transferred into a
MicroSpin S-400 column to enrich the ribosome-RNA complex (mono-
somes). The ribosome-protected fragments (RPFs) were then extracted and
used to prepare the library with the NEBNext Small RNA Library Prep Set
according to the description of the manufacturer. Finally, the prepared
libraries were sequenced and SE50 reads were generated on Illumina
Novaseq 6000 platform.

RNA-seq library construction and sequencing

The J2s, J3/]4 and adult female of M. incognita were collected as described
above and immediately frozen in liquid nitrogen. The total RNA was
extracted using the TRIzol reagent (Invitrogen) according to the instruc-
tions of the manufacturer. The ribosome RNA was firstly removed from
total RNA and the strand-specific RNA-seq libraries were constructed with
NEBNext Ultra Directional RNA Library Prep Kit. The prepared libraries
were sequenced and 150 bp paired-end reads were generated on Illumina
Novaseq 6000 platform.

Total protein preparation and label-free MS

The J2s, J3/J4, and adult female of M. incognita were collected as described
above and immediately frozen in liquid nitrogen. The worm pellets were
then cryogenically ground and lysed with lysis buffer (8 M urea, 100 mM
ammonium bicarbonate, pH 8). The lysates were centrifuged at 12,000 g for
15 min at 4 °C and the supernatants were subsequently reduced by being
treated with 10 mM DTT at 56 °C for 1 h. The samples were then alkylated
with sufficient iodoacetamide for 1 h at room temperature in the dark. After
washing with the cold acetone, the protein samples were collected and
dissolved by dissolution buffer (8 M Urea, 100 mM TEAB, pH 8.5). Sub-
sequently, the protein quantity and quality were evaluated using Bradford
Protein Assay Kit (BioRad) and SDS-PAGE, respectively. The proteins were
then digested with trypsin and submitted for MS detection on the Thermo
Scientific Q Exactive platform by the label-free method.

All of the detected spectra were matched with the protein database
of M. incognita using the Proteome Discoverer 2.2 (PD 2.2, Thermo)
search engine with following parameters: mass tolerance for precursor
ion 10 ppm, mass tolerance for product ion 0.02 Da, carbamidomethyl
was specified as a fixed modification, oxidation of methionine as a
dynamic modification, acetylation as an N-terminal modification, and up
to two missed cleavage sites were allowed. The results were then further
improved with the following criterion: peptide spectrum matches (PSMs)
with over 99% credibility, identified proteins with at least one unique
peptide, and retaining PSMs and proteins with a false discovery rate
(FDR) no greater than 1.0%. The protein quantitation results were sta-
tistically analyzed by T-test and Pearson correlation coefficients were
calculated using the quantitation results to assess the consistency between
replicates. The differentially expressed proteins were identified by the
criteria (Pvalue < 0.05 and [log,FC | >1) by comparing the quantitation
difference in the two conditions.

Ribo-seq data analysis

Adapter, low-quality reads, and the low-quality bases at the ends of reads in
Ribo-seq data were filtered by Fastp (version=0.20.1)*". The rRNA in Ribo-
seq data were filtered by matching reads to the SILVA ribosomal RNA gene
database (release 138)* using bowtie (version=2.4.2)". After filtering, the
clean reads of Ribo-seq data were mapped to the genome of M. incognita
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(Mi_assembly_v1)" using the STAR aligner (version= 2.7.6a, --out-
FilterMismatchNmax 2, --outFilterMatchNmin 16, --alignEndsType
EndToEnd)”. The RSEM software (version = 1.3.1)”° was used to generate
the count tables. The abundance_estimates_to_matrix.pl script within the
Trinity suite was used to generate a merged counts table and the matrix of
transcripts per million (TPM)-normalized expression values. Pearson cor-
relation coefficients were calculated using the expression values to assess the
consistency between replicates. The nucleotide resolution of the coverage
around start and stop codons, the ribosome P-site triplet periodicity, and the
RPF-based ORF identification were analyzed according to the manual of
RiboCode (v.1.2.11)*’. The ORFs identified by RiboCode can be classified
into five types as follows: annotated ORFs, the ORFs overlap with annotated
CDSs and have the same start and stop codon with annotated CDSs; internal
OREFs, the ORFs located in internal regions of annotated CDSs, but in a
different reading frame; overlapped ORFs, the ORFs located upstream or
downstream of annotated CDSs and overlapping with annotated CDSs;
dORFs, the ORFs located downstream of annotated CDSs but not over-
lapped with annotated CDSs; uORFs, the ORFs located upstream of
annotated CDSs but not overlapped with annotated CDSs. The statistics and
length distribution of RPFs were analyzed in R (version=4.1.1).

RNA-seq data process, transcript assembly, and IncRNAs
prediction

Adapter and low-quality reads of RNA-seq data were filtered by Trimmo-
matic software (version = 0.36)"' and the rRNA were filtered as described
above. The STAR aligner (version = 2.7.6a)” was used to align clean reads of
RNA-seq data to the genome of M. incognita (Mi_assembly_v1)*". The
expression levels of genes in reference genome annotation were generated as
described above and Pearson correlation coefficients were calculated using
the expression values to assess the consistency between replicates. The
mapped reads were used to perform the reference-guide transcript assembly
with StringTie (version=2.1.2)"”. The gffcompare (version=0.11.2)"" was
utilized to compare the newly assemble gtf files with the reference annota-
tion. Novel transcripts, categorized as intergenic (class code “u”), intronic
(class code “1”), cis-natural antisense transcripts (class code “x”), and others
(class code “y” and class code “0”) were extracted from the comparison
result. The description and nomenclature of these novel transcripts were
adapted based on the gffcompare”. The novel transcript lengths longer than
200 bp and with a TPM > 1 were used for the prediction of IncRNAs. The
putative longest ORFs were extracted from the novel transcripts using
ORFfinder (version=0.4.3) (https://www.ncbi.nlm.nih.gov/orffinder/) and
then submitted to orthology-based annotation with eggNOG-mapper
webtool (HMMER mapping mode)™. The transcripts with no hits against
the eggNOG database were retained and subsequently filtered by LGC tool”
and coding potential calculator (CPC2)” to remove the transcripts with
coding potential. The retained transcripts were considered putative
IncRNAs.

Differential expression and gene ontology (GO) enrichment
analysis

The differential expression analysis was conducted with the deltaTE” method,
which introduces an interaction term to the DESeq2 statistical model to
determine the DTGs (|log,FC | > 1 and FDR < 0.05) and DTEGs (|log,FC | >
0.58 and FDR < 0.05) with read counts generated by RSEM from Ribo-seq
and RNA-seq as input. The Gene Ontology (GO) annotation of genes was
performed by eggNOG-mapper v2 (http://eggnog-mapper.embl.de/). GO
enrichment analysis was performed based on a hypergeometric test (P < 0.05).

Secretory protein identification, calculation of expression var-
iances and TE, and differential expression analysis

Proteins with secretory signal peptide and no transmembrane domain were
defined as secretory proteins. In this study, the secretory signal peptide was
predicted with the SignalP (version=5.0b)”’, a SignalP score greater than 0.5
was considered indicative of the presence of a signal peptide, and the
transmembrane domain was predicted with TMHMM (version=2.0,

https://services.healthtech.dtu.dk/service.php? TMHMM-2.0). The expres-
sion variances were calculated from the expression matrix in R. TE was
calculated as TPM from Ribo-seq divided by TPM from RNA-seq. The
differentially expressed secretory protein genes were identified using the
deltaTE method and further categorized into four classes: buffered, inten-
sified, forwarded, and exclusive.

In situ hybridization of potential small secretory peptides

Using a modified version of the in situ hybridization method”, the DIG-
labeled specific probe for the potential small secretory peptide (Mi_25001)
was amplified with the following primers: sense primer (TGTA-
CATGTCCTAATGCTTC) and anti-sense primer (ATAAGATCCCCA-
TAATTTCT). In situ hybridization was conducted on the J3/J4 stage of M.
incognita utilizing the MyLab DIG Labeling and Hybridization Detection
System-DIG DNA PCR Labeling Kit (MyLab Corp., Beijing) according to
the manufacturer’s instructions. Briefly, the nematode bodies were fixed in
4% formaldehyde for 24 h and then chopped on a glass slide. The chopped
nematodes were digested with proteinase K (1 mg/mL) for 2 h. Subse-
quently, the nematode bodies were hybridized with the DIG-labeled specific
probe at 40 °C for 16 h. Finally, the hybridization signal was detected using
an anti-DIG antibody and observed under a microscope.

Statistics and reproducibility

In this study, each experiment was conducted with three independent
biological replicates, which were subsequently analyzed. Statistical analyses
and data visualization were carried out using R (version 4.3.0). The Wil-
coxon test was employed to compare the TE between different types of
protein-coding genes, with significance levels defined as follows: *p < 0.05,
*p < 0.01, ***p < 0.001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The source data supporting the graphs in this paper are available from the
Supplementary Data 1 and 2. The Ribo-seq and RNA-seq data generated in
this study have been submitted to the NCBI BioProject database (https://
www.ncbi.nlm.nih.gov/bioproject/) under accession number PRINA957683.
The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium (http://proteomecentral. proteomexchange.org)
via the iProX partner repository’™* with the dataset identifier PXD046565.

Code availability

In this study, all software utilized was open-access, with parameters clearly
outlined in the Methods section. When specific software parameters were
not detailed, the default settings recommended by the developers were
applied.
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