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The root-knot nematode (RKN) Meloidogyne luci presents a threat to the production of several important crops. This nematode species was added to the European Plant Protection Organization Alert list in 2017. The scarce availability of efficient nematicides to control RKN and the phasing out of nematicides from the market have intensified the search for alternatives, such as phytochemicals with bionematicidal properties. The nematicidal activity of 1,4-naphthoquinone (1,4-NTQ) against M. luci has been demonstrated; however, knowledge of the potential mode(s) of action of this compound is still scarce. In this study, the transcriptome profile of M. luci second-stage juveniles (J2), the infective stage, in response to 1,4-NTQ exposure was determined by RNA-seq to identify genes and pathways that might be involved in 1,4-NTQ’s mode(s) of action. Control treatments, consisting of nematodes exposed to Tween® 80 (1,4-NTQ solvent) and to water, were included in the analysis. A large set of differentially expressed genes (DEGs) was found among the three tested conditions, and a high number of downregulated genes were found between 1,4-NTQ treatment and water control, reflecting the inhibitory effect of this compound on M. luci, with a great impact on processes related to translation (ribosome pathway). Several other nematode gene networks and metabolic pathways affected by 1,4-NTQ were also identified, clarifying the possible mode of action of this promising bionematicide.
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1 Introduction

Plant-parasitic nematodes (PPNs) are among the most devasting agricultural pests, and from these, root-knot nematodes (RKNs) belonging to the genus Meloidogyne are in the top 10 of those with the most ecological and economic impact worldwide. Meloidogyne incognita, M. arenaria, M. hapla, and M. javanica are common RKN species, parasitizing almost any species of vascular plants and being widely distributed in agricultural areas around the world (Jones et al., 2013). However, other species, such as M. luci, are regarded as of emerging importance. This RKN species was first described in 2014 from isolates from lavender (Lavandula spica) collected in Brazil (Carneiro et al., 2014), but reports of Meloidogyne sp. females with a similar esterase phenotype have been recorded since 1985 in South America (Argentina, Bolivia, Brazil, Chile, Ecuador, and Guatemala), Iran, and Europe (Turkey and Slovenia) and have been associated with several important plant species (Carneiro et al., 2014; Bellé et al., 2016; Janssen et al., 2016). In 2017, several populations previously identified as M. ethiopica in Europe were reclassified, using biochemical and molecular analyses, and identified as M. luci (Gerič Stare et al., 2017). Meloidogyne luci is recognized as a threat to European countries and has been included in the Alert List of Pest of European and Mediterranean Plant Protection Organization since 2017 (EPPO, 2017). Its presence in Portugal was first reported in 2018 to be associated with potato (Solanum tuberosum) (Maleita et al., 2018) and later was found to parasitize tomato (S. lycopersicum), the ornamental plant Cordyline australis, and the weed Oxalis corniculata (Santos et al., 2019). More recently, M. luci was also reported in Serbia to be associated with tomato (Bačić et al., 2023).

Over the last 30 years, management of PPN has relied on chemical control with the use of large spectra fumigant and non-fumigant nematicides that have now been largely withdrawn due to their harsh impact on non-target organisms and the environment. To date, only few synthetic target-specific non-fumigant nematicides are available, such as fluensulfone, fluopyram, and fluazaindolizine, but their use on all types of crops is not yet recommended (Oka, 2020). The demand for eco-friendly bionematicides became mandatory for a sustainable agricultural production. During the last few years, new compounds like several plant secondary metabolites have been identified as nematicidal compounds with effects on Meloidogyne sp. second-stage juvenile (J2) hatching, paralysis and nematode root attraction, penetration, and reproduction (Aoudia et al., 2012; Ntalli and Caboni, 2012; Aissani et al., 2015; Lu et al., 2017; Sikder and Vestergård, 2020). Moreover, the nematicidal effects of the naturally occurring naphthoquinone (NTQ) compounds, namely, juglone (5-hydroxynaphthalene-1,4-dione; JUG) and 1,4-naphthoquinone (naphthalene-1,4-dione; 1,4-NTQ), have been demonstrated against PPN (Mahajan et al., 1992; Dama, 2002; Esteves et al., 2017; Maleita et al., 2017; Cha et al., 2019; Dama, 2019). In a previous study, 1,4-NTQ induced M. luci J2 mortality and inhibited hatching, penetration, and reproduction in tomato (Maleita et al., 2022). Nevertheless, little is known about the mode of action of this phytochemical with bionematicidal properties.

In recent years, advances in omics technologies have opened new possibilities to understand the molecular mechanisms of how control agents act on their targets. For example, M. incognita transcriptional changes in response to next‐generation non-fumigant nematicides fluensulfone, fluopyram, fluazaindolizine, and oxamyl were recently assessed and main cellular pathways affected by these compounds were identified (Hada et al., 2021; Wram et al., 2022a; Wram et al., 2022b). Significant downregulation of all neuropeptidergic genes, with concomitant repression of majority of genes related to chemosensation, esophageal gland secretion, parasitism, fatty acid metabolism, and G-protein-coupled receptors, was identified in fluensulfone-treated M. incognita J2 (Hada et al., 2021). Also, M. incognita transcriptional changes resulting from the exposure to huperzine A, produced by the fungus Paecilomyces tenuis, and to a P. tenuis filtrate were evaluated, unraveling the molecular mechanisms underlying the nematicidal action of these biocompounds, such as downregulation of genes involved in neural response, signaling, and longevity regulating pathways (Kassam et al., 2023). In another study, transcriptome analysis has shown that the nematicidal compound octanoic acid produced by microorganisms such as Bacillus altitudinis and Megasphaera hexanoica can interfere with M. incognita energy metabolism, lifespan, and signaling, with the cuticle, lysosomes, and extracellular regions and spaces being the primary targets by this compound (Wang et al., 2023).

In the present study, the transcriptome profile of M. luci J2, the infective stage, in response to 1,4-NTQ exposure was determined by RNA-seq to identify genes and pathways that might be involved in 1,4-NTQ’s mode(s) of action against this RKN.




2 Materials and methods



2.1 Nematodes and 1,4-NTQ treatment

1,4-NTQ (purity ≥96.5% w/w, Sigma-Aldrich) was dissolved in an aqueous solution of Tween® 80 (suitable for cell culture, Sigma-Aldrich) at 100 ppm, to get a final 1,4-NTQ concentration of 20 ppm. This concentration has a sub-lethal effect on M. luci J2, as previously demonstrated by Maleita et al. (2022). Approximately 18,000 J2 were incubated at 22°C for 3 days in 20 ppm 1,4-NTQ (N treatment). Water (H treatment) and Tween 80® 100 ppm (T treatment) were included as controls. Each of the three treatments was replicated three times. After N and T treatments, J2 were centrifuged to remove 1,4-NTQ and Tween® 80, washed three times with RNase-free water, and stored at −80°C until RNA extraction. Nematodes exposed to H treatment were also subjected to the same procedure.




2.2 Total RNA extraction

Nematode RNA was extracted from the nine treated samples by Trizol/chloroform (Invitrogen) extraction and DirectZol clean up (Zymo-research) and treated with the TURBO™ DNase (Invitrogen) to remove the remaining DNA, according to the manufacturer’s instructions. Total RNA quality was assessed by RIN (RNA Integrity Number) determination with the Agilent RNA 6000 Pico Assay Kit on the Bioanalyzer 2100 (Agilent Technologies) and quantified by Qubit RNA HS Assay kit on the Qubit 2.0 Fluorometer (Thermo Fisher Scientific). Extracted RNA was stored at −80°C until sequencing or RT-qPCR.




2.3 Library preparation and sequencing

A poly(A) enriched strand-specific library was generated with the TruSeq Stranded mRNA sample preparation kit (Illumina) from approximately 0.5 µg of high-quality total RNA of each sample. Transcriptome sequencing was performed on a NextSeq 550 Illumina sequencer with the NextSeq 500/550 High Output v2.5 Reagent Kit (150 cycles), according to the manufacturer’s instructions (Illumina) at Genoinseq (Cantanhede, Portugal).




2.4 Data processing

Sequence data were processed at Genoinseq. Raw reads were extracted from the Illumina Nextseq® System in fastq format with bcl2fasta version 2.20.0.422 (Illumina) and quality-filtered with fastp version 0.20.0 (Chen et al., 2018) to trim bases with an average quality lower than Q25 in a window of 5 bases and to remove polyadenylated tails above 10 bases and reads with less than 50 bases. The ribosomal RNA content was estimated with SortMeRNA version 2.1 (Chen et al., 2018). High-quality reads were de novo assembled into transcripts using Trinity version 2.2.0 (Grabherr et al., 2011). Reads from each sample were aligned to the de novo transcriptome assembly with Trinity’s Bowtie module.

Transcripts were translated into amino acid sequences with Transdecoder version 5.5.0 (TransDecoder, 2021), with parameters set to a minimum length of 50 amino acids and no strand specificity. Translated sequences were then annotated using Diamond version 2.0.8 (Buchfink et al., 2015) against SwissProt and RefSeq with an e-value of 0.001.




2.5 Transcript abundance and differentially expressed genes identification and annotation

Transcript abundance and gene count matrix were estimated using Trinity’s Transcript Quantification module with RSEM (Li and Dewey, 2011). Pre-processing and exploratory data analysis (Heatmap, K-means and PCA) of gene-level read count matrix were performed in IDEP.95 (Ge et al., 2018) with default parameters. Differentially expressed genes (DEGs) between conditions were identified using the DESeq2 package in iDEP.95, considering a fold change |log2(FC)| ≥ 1 with a false discovery rate (FDR) ≤ 0.05 (adjusted p-value).

The gene ontology (GO) annotations of translated transcripts corresponding to DEGs were achieved with OmicsBox (2019) based on the BLAST against the non-redundant protein database NCBI and InterPro database using the default settings in each step (Götz et al., 2008). The GO analysis is done in three categories: (i) molecular function, which defines molecular activities of gene products; (ii) cellular component, which describes where gene products are active; and (iii) biological process, which clarifies the pathways and larger processes made up of the activities of multiple gene products. GO enrichment analysis was conducted for the selected DEGs in a condition against the total of DEGs among the three conditions, in OmicsBox with the statistical Fisher’s Exact Test, using a p-value of 0.05 as cutoff. Functional annotation of selected DEGs was complemented with analysis on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa and Goto, 2000) in OmicsBox.




2.6 RT-qPCR analysis of selected DEGs

From the non-overlapping DEGs found in N–H comparison, four genes were selected from the list of enriched GO terms or most representative KEGGs to validate relative quantitative data obtained from sequencing data. The relative transcript abundance of selected genes was assessed by reverse transcription quantitative real-time PCR (RT-qPCR) with SsoAdvance Universal SYBRGreen supermix (Bio-Rad), according to standard protocols, using the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). Extracted RNA was converted into cDNA using the iScript cDNA Synthesis kit (Bio-Rad) and used in qPCR. The amplification kinetics of each transcript was normalized with the amplification kinetics of the malate dehydrogenase (mdh) and ribosomal protein S6 (rps6) genes, chosen as endogenous controls according to Wu et al. (2019) and amplified with primers adapted to M. luci corresponding transcript sequences obtained in this study. Other primers used in qPCR were also designed based on M. luci transcript sequences (Table S1). qPCRs were done at 98°C for 30 s, followed by 40 cycles of 98°C for 5 s and 60°C for 30 s. Melting curve analyses were performed and validation experiments were first carried out to ensure equivalent amplification efficiency for all transcripts. The RT-qPCRs were conducted for the three repetitions of each treatment, with three technical replicates for each qPCR. Amplification efficiencies and Ct values were determined by the CFX ManagerTM Software 2.1 (Bio-Rad) and the mean Ct values used in the REST software (Pfaffl et al., 2002) for relative transcript level and statistically significant differences analysis using the Pairwise Fixed Reallocation Randomization Test©.





3 Results and discussion



3.1 De novo transcriptome assembly and transcripts abundance of M. luci J2

Sequencing of the nine M. luci RNA samples produced 722,024,674 high-quality reads, consisting approximately of a total of 55.5 Gbases. The sample library had an average size of 82,298,380 paired reads and the percentage of high-quality reads after quality filtering was >97% (Table S2). From this, de novo assembly generated 58,042 transcripts corresponding to the de novo transcriptome of M. luci J2 available through the Short Read Archive (SRA) under the BioProject accession number PRJNA940699, which constitutes the first transcriptomic data available for this species.

From the 58,042 transcripts, 46,271 were predicted to be translated into amino acid sequences, and from these, 19,393 (33.4%) and 11,663 (20.1%) were annotated against the Swiss-Prot and RefSeq databases, respectively. The low number of annotated transcripts is in accordance with what is found in other PPN species with a significant number of candidate genes lacking annotation and a predicted function (Vieira et al., 2015; Petitot et al., 2016). Compared to genome data on other Meloidogyne species, the number of coding transcripts is close to that described for M. incognita BioProject PRJEB8714, for which a total of 43,718 coding genes were predicted (Blanc-Mathieu et al., 2017).

Considering that some of the transcripts correspond to isoforms of the same gene, a gene abundance matrix with a total of 47,435 expected counted genes was obtained, and from these, after IDEP.95 default filtering (at least 0.5 counts per million in at least one library), 28,165 genes were left. Pre-process analysis revealed homogeneity among the nine libraries, with small variation in library sizes (Figure 1A), small variation of transformed data between replicates (Figure 1B), and similar distribution of the transformed data (Figures 1C, D).




Figure 1 | Pre-process diagnostic plots for read count data. Total read counts per library sample (A); scatter plot of N1 and N3 samples (B); boxplot of transformed data (C); distribution of transformed data using a density plot (D). Water (H), 1,4-naphthoquinone (N), and Tween 80® (T) treatments, each with three replicates.



The top 1,000 most variable genes were ranked by their standard deviation across all samples in hierarchical clustering and consistent clusters were obtained in Heatmap and K-means analysis (Figures 2A, B). A PCA plot using the first and second principal components revealed a clear difference between the water (H) control treatment, 1,4-NTQ (N) treatment, and Tween 80® (T) treatment (Figure 2C). Variations among replicates were minimal (Figure 2).




Figure 2 | Hierarchical clustering and PCAs of read count data. Heatmap analysis (A) and K-means (B) analyses of the top 1,000 most variable genes and PCA plot using the first and second principal components (C). Water (H), 1,4-naphthoquinone (N), and Tween 80® (T) treatments, each with three replicates.






3.2 Identification of DEGs in response to treatments

From the 28,165 genes, 7,854 were found differentially expressed among the three conditions. A higher number of DEGs was found between N–H treatments (5,744) than between T–H (4,550) or T–N (3,060) treatments. As expected, a lower number of DEGs was found between T–N treatments, since Tween® 80 (T treatment) was used as the 1,4-NTQ solvent (N treatment). The number of downregulated genes was much higher in both N and T treatments compared to H treatment than the number of upregulated genes in the same comparisons. In the T–N comparison, the differences in the number of up- or downregulated genes were the lowest (Figure 3).




Figure 3 | Differentially expressed genes (DEGs) among treatments. Venn diagram presenting the number of unique and overlapping DEGs among the three pairwise comparisons (A), bar chart presenting the number of genes up- or downregulated in each pairwise comparison (B), and volcano plots (C) of DEGs analysis in each pairwise comparison. Pairwise comparisons: N–H (1,4-naphthoquinone-water); T–H (Tween 80®-water); T–N (Tween 80®-1,4-naphthoquinone).



Overall, the M. luci gene expression was highly influenced by 1,4-NTQ treatment with a higher number of DEGs (5,744) than those reported for M. incognita treated with fluensulfone (1,831), fluazaindolizine (3,256), oxamyl (334), and fluopyram (166) (Wram et al., 2022b) or in M. incognita treated with P. tenuis huperzine A (1,079) or fungal filtrate (1,635) (Kassam et al., 2023).

From the 1,338 non-overlapping DEGs found in the N–H comparison (Figure 3A), 250 were found to be upregulated and 1,088 were found to be downregulated (Table S3). These genes were further explored as their regulation could be associated with a more specific effect of the 1,4-NTQ.




3.3 Functional features of selected DEGs in response to 1,4-NTQ treatment

In order to find which group of genes are overrepresented in the 1,338 DEGs unique in the N–H comparison, a GO enrichment analysis was done for the 250 upregulated and 1,088 downregulated genes against all DEGs. Among the upregulated genes, these analyses revealed a strong enrichment on ABC-type transporter activity, binding, and enzyme regulator activities, belonging to GO molecular function terms, and regulation of biological process and biological regulation, belonging to GO biological process terms (Table 1).


Table 1 | Top 10 enriched gene ontology (GO) terms in the 250 selected upregulated genes.



From the 250 upregulated genes, 82 transcript sequences were associated with various KEGG pathways (Table S4) with a higher number of transcript sequences assigned to the thyroid hormone signaling pathway and insulin signaling pathway in the Metabolism category; ABC transporters, sphingolipid signaling, AMPK signaling, PI3K-Akt signaling, Ras signaling, and MAPK signaling pathways in the Environmental Information Processing category; vitamin digestion and absorption and longevity regulating pathway-worm in the Organismal Systems category; and proteasome in the Genetic Information Processing category. A higher number of transcript sequences of upregulated genes were found to be associated with KEGG pathways belonging to the Environmental Information Processing category, namely, ABC transporters associated with nematode xenobiotic detoxification (Figure 4).




Figure 4 | Most represented Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the 250 upregulated genes. Number of upregulated transcript sequences associated with KEGG pathways in Metabolism (M), Environmental Information Processing (EIP), Organismal Systems (OS), and Genetic Information Processing (GIP).



On the other hand, among the downregulated genes, an enrichment of GO terms associated with molecular transducer activity and adenylyltransferase and molybdopterin molybdotransferase activities, belonging to the GO molecular function terms, and associated with the molybdopterin cofactor metabolic process and prosthetic group metabolic process, belonging to GO biological process terms, was found (Table 2). Molybdopterin cofactor is essential for the catalytic activity of some enzymes such as sulfite oxidase and xanthine dehydrogenase, whose failure is associated with severe neurological abnormalities (Duran et al., 1980), and aldehyde oxidase, which plays an important role in the metabolism of several drugs due to its involvement in cellular redox stress (Garattini and Terao, 2012).


Table 2 | Top 10 enriched gene ontology (GO) terms in the 1,088 selected downregulated genes.



From KEGG analysis of 1,088 downregulated genes, 316 transcript sequences were associated with various KEGG pathways (Table S5), and from these, a higher number of transcript sequences were associated with ribosome and spliceosome in the Genetic Information Processing KEGG category, related to translation and transcription processes, respectively (Figure 5). The considerable higher number of downregulated transcripts associated with ribosome reveals a clear inhibitory effect of 1,4-NTQ on translational processes, compromising protein synthesis and consequently several core biological processes. Ribosomes are attractive targets in the antitumor, antiviral, antibacterial, antifungal, and antiparasitic therapies, with several compounds suppressing protein biosynthesis in eukaryotic cells, such as antibiotics, being widely used in medicine and also in agriculture (Lin et al., 2018; Mann et al., 2021). Downregulation of a high number of genes related to ribosome pathway suggests ribosome as one of the main targets of 1,4-NTQ in M. luci.




Figure 5 | Most represented Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the 1,088 downregulated genes. Number of downregulated transcript sequences associated with each KEGG pathway in Metabolism (M), Environmental Information Processing (EIP), Organismal Systems (OS), Genetic Information Processing (GIP), and Cellular Processes (CP).



The biosynthesis of cofactors pathway was also highly represented in downregulated genes’ KEGG analysis and is in accordance with molybdopterin cofactor-related activities identified in GO enrichment analysis. Additionally, the thermogenesis pathway, implicated in stress response and ensuring the normal cellular and physiological function under conditions of environmental challenge, was also compromised by 1,4-NTQ, with a high number of downregulated genes associated with this pathway. The neurotoxicity of 1,4-NTQ was also evident with the highly represented GABAergic synapse pathway among the downregulated genes.

Moreover, sphingolipid metabolism is also highly represented among the downregulated genes; however, the related sphingolipid signaling pathway was also identified among the most represented KEGGs in upregulated genes. Sphingolipids are bioactive lipid molecules found in the membranes of all eukaryotic cells and have critical functions in the control of cell growth, senescence, differentiation, and programmed cell death. Different intermediates of sphingolipid pathways can have opposing effects on cell signaling (Haughey, 2010), and therefore, imbalances in sphingolipid metabolism and signaling, caused by 1,4-NTQ, can deregulate key cellular processes in M. luci.

Furthermore, in common with most represented KEGGs in upregulated and downregulated genes was the mitogen-activated protein kinase (MAPK) signaling pathway. The MAPK signaling pathway is known to serve as a transducer of extracellular stimuli that allow cellular adaptation to changes in the environment, playing important roles in complex cellular processes like proliferation, differentiation, development, transformation, and apoptosis (Andrusiak and Jin, 2016), and consequently, deregulation of this pathway is another key adverse effect of 1,4-NTQ in M. luci.

On the other hand, the most represented KEGG pathway in upregulated genes, ABC transporters, was not identified in downregulated genes. Moreover, the most represented KEGG in downregulated genes, ribosome, was also not identified among the upregulated genes, reflecting a consistent stimulant and inhibitory effect of 1,4-NTQ on ABC transporters and ribosome pathways, respectively.

Overall, it is perceptible that the antagonist effect of 1,4-NTQ on M. luci transcriptome disturbs several fundamental cellular processes. These results support the findings in previous bioassays, where 1,4-NTQ showed nematicidal effects on M. luci mortality, hatching, root penetration, and reproduction in tomato (Maleita et al., 2022).




3.4 DEGs related to nematode xenobiotic detoxification

Nematodes use detoxification pathways to protect themselves from the effect of toxic compounds. Nematode xenobiotic metabolism includes three phases. In phase I, functional groups such as hydroxyl groups are added to xenobiotics by enzymes mainly from cytochrome P450 (CYP) and short-chain dehydrogenase/reductase (SDR) families, to increase their solubility. In a second phase, enzymes mainly from UDP-glucuronosyl transferase (UGT) and glutathione S-transferase (GST) classes catalyze the conjugation of xenobiotics with polar molecules, promoting their water solubility. Finally, the excretion of xenobiotics (phase III) is made by ATP-binding cassette (ABC) transporters and other transmembrane transporters that actively export catalyzed compounds across the cytoplasmic membrane (Hartman et al., 2021).

Transcript levels of enzymes involved in detoxification were clearly affected in M. luci J2 exposed to 1,4-NTQ (Table 3). From the DEGs belonging to the main enzyme families involved in phase I of detoxification, two CYP were found to be downregulated and one SDR was found to be upregulated. Moreover, from the seven DEGs associated with the metabolism of xenobiotics by cytochrome P450 (ko00980), two were found to be upregulated (one glycosyl hydrolase and one UGT) and five were found to be downregulated (two UGTs, one GST, and two dehydrogenases), compromising phase I and phase II of the detoxification process and possibly compromising the ability to encounter this external toxic compound. In addition, and as discussed above, from GO enrichment analysis, the activity of several enzymes that could be involved in this detoxification process, such as aldehyde oxidase, could be affected not at the transcript level but by their cofactor’s availability. On the other hand, phase III of the detoxification process was stimulated with the upregulation of all transcripts related to ABC transporters and the activation of the final excretion of metabolized toxic compounds. The same tendency was found in the pinewood nematode (PWN), Bursaphelenchus xylophilus, in response to emamectin benzoate, used to control PWN infection by pine tree trunk injection, with the downregulation of several UGTs and some of the differentially expressed GSTs and the upregulation of ABC transporters (Lu et al., 2020). Also in B. xylophilus, the response to the tree host-derived α- or β-pinene in reaction to pathogen attack resulted in the downregulation of GSTs and the upregulation of ABC transporters, but UGTs were mainly upregulated (Li et al., 2019; Li et al., 2020). In M. incognita, transcripts related to xenobiotic detoxification were also revealed to be affected by several nematicides; however, the pattern of up- and downregulated expression varied among the several tested nematicides (Wram et al., 2022b).


Table 3 | Differentially expressed genes associated with main enzyme families involved in detoxification.






3.5 Transcription level of selected DEGs

The relative transcript level of four genes, selected from the list of non-overlapping DEGs in the N–H comparison, was determined by RT-qPCR. From these, TRINITY_DN20723_c2_g1 and TRINITY_DN21456_c0_g1 were found to be significantly upregulated in the N-treated condition compared to the H-treated condition, whereas TRINITY_DN9569_c0_g1 and TRINITY_DN8190_c0_g1 were found to be significantly downregulated (Figure 6), in accordance with relative quantitative data of those genes obtained from RNA-seq (Table S6). Additionally, the pattern of changes in transcript levels of these four genes, among the other two pairwise comparisons (T–H and N-T), was consistent using both qPCR and RNA-seq approaches (Figure 6, Table S6).




Figure 6 | Relative transcript level of TRINITY_DN20723_c2_g1, TRINITY_DN21456_c0_g1, TRINITY_DN9569_c0_g1, and TRINITY_DN8190_c0_g1 measure by RT-qPCR. Bars represent the standard error range of three replicates and asterisks indicate statistically significant differences (p < 0.05) between 1,4-naphthoquinone (N) or Tween® 80 (T) treatments and water (H) control, determined using the Pairwise Fixed Reallocation Randomization Test in REST software.







4 Conclusions

This study provided the first data on M. luci transcriptome and the overall understanding of transcriptional response of this species to 1,4-NTQ exposure, contributing to an increased knowledge of how this bionematicidal compound interacts with nematodes. The newly assembled transcriptome represents an important resource for our understanding of the biology of this RKN and can be used for applications, such as gene discovery or comparison of M. luci transcriptome with other PPNs, to understand the molecular origin of their parasitism. High transcriptional effects were detected on M. luci with a high number of DEGs found between 1,4-NTQ treatment and water control. From these, a much higher number of downregulated genes than upregulated genes were identified, reflecting the inhibitory effect of 1,4-NTQ on M. luci. This inhibitory effect had a great impact on processes related to translation (ribosome pathway) and probably be even more evident at the protein level than at the transcript level. Further research on the proteomics of M. luci and other RKN species exposed to 1,4-NTQ would be important to clarify the post-transcriptional effects of this compound.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/PRJNA940699.





Author contributions

JC, IE, CE, IA and CM conceived and designed the experiments. JC, IE, MB and CM performed the experiments. JC, CE, IE and CM analyzed the data. JC wrote the original draft. HdS and CM acquired the funding. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by the Portuguese Foundation for Science and Technology (FCT) through national funds and the co-funding by FEDER, PT2020, and COMPETE 2020 under the projects PTDC/ASP-PLA/29392/2017 (POCI-01-145-FEDER-029392), POCI-01-0145-FEDER-022184 (GenomePT), UIDB/04539/2020, UIDP/04539/2020, LA/P/0058/2020, UIDB/00102/2020, UIDP/00102/2020, UIDB/04004/2020, UIDP/04004/2020, and CEECIND/02082/2017 (IE), and by Instituto do Ambiente, Tecnologia e Vida.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1191923/full#supplementary-material




References

 Aissani, N., Urgeghe, P. P., Oplos, C., Saba, M., Tocco, G., Petretto, G. L., et al. (2015). Nematicidal activity of the volatilome of Eruca sativa on Meloidogyne incognita. J. Agric. Food Chem. 63, 6120–6125. doi: 10.1021/acs.jafc.5b02425

 Andrusiak, M. G., and Jin, Y. (2016). Context specificity of stress-activated mitogen-activated protein (MAP) kinase signaling: the story as told by Caenorhabditis elegans. J. Biol. Chem. 291, 7796–7804. doi: 10.1074/jbc.R115.711101

 Aoudia, H., Ntalli, N., Aissani, N., Yahiaoui-Zaidi, R., and Caboni, P. (2012). Nematotoxic phenolic compounds from Melia azedarach against Meloidogyne incognita. J. Agric. Food Chem. 60, 11675–11680. doi: 10.1021/jf3038874

 Bačić, J., Pavlović, M., Kušić-Tišma, J., Širca, S., Theuerschuh, M., and Geric Stare, B. (2023). First report of the root-knot nematode Meloidogyne luci on tomato in Serbia. Plant Dis. doi: 10.1094/PDIS-01-23-0164-PDN

 Bellé, C., Brum, D., Groth, M. Z., Barros, D. R., Kaspary, T. E., Schafer, J. T., et al. (2016). First report of Meloidogyne luci parasitizing Glycine max in Brazil. Plant Dis. 100, 2174. doi: 10.1094/PDIS-05-16-0624-PDN

 Blanc-Mathieu, R., Perfus-Barbeoch, L., Aury, J.-M., Da Rocha, M., Gouzy, J., Sallet, E., et al. (2017). Hybridization and polyploidy enable genomic plasticity without sex in the most devastating plant-parasitic nematodes. PloS Genet. 13, e1006777. doi: 10.1371/journal.pgen.1006777

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Carneiro, R. M. D. G., Correa, V. R., Almeida, M. R. A., Gomes, A. C. M. M., Mohammad Deimi, A., Castagnone-Sereno, P., et al. (2014). Meloidogyne luci n. sp. (Nematoda: meloidogynidae), a root-knot nematode parasitising different crops in Brazil, Chile and Iran. Nematology 16, 289–301. doi: 10.1163/15685411-00002765

 Cha, D. J., Kim, J., and Kim, D. S. (2019). Nematicidal activities of three naphthoquinones against the pine wood nematode, bursaphelenchus xylophilus. Molecules 24, 3634. doi: 10.3390/molecules24203634

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics, 34 i884–i890. doi: 10.1093/bioinformatics/bty560

 Dama, L. B. (2002). Effect of naturally occurring naphthoquinones on root-knot nematode Meloidogyne javanica. Indian Phytopathol. 55, 67–69.

 Dama, L. B. (2019). In vitro nematicidal activity of juglone against Meloidogyne incognita race 2 infesting pomegranate. J. Life Sci. Biomed. 9, 164–169.

 Duran, M., Beemer, F. A., Wadman, S. K., Johnson, J. L., Waud, W. R., and Rajagopalan, K. V. (1980). Combined deficiency of sulfite oxidase and xanthine oxidase as a result of defective synthesis of molybdenum-cofactor: 77. Pediatr. Res. 14, 177. doi: 10.1203/00006450-198002000-00104

 EPPO (2017). EPPO alert list: addition of Meloidogyne luci together with M. ethiopica. EPPO Rep. Serv.

 Esteves, I., Maleita, C., Fonseca, L., Braga, M., Abrantes, I., and Sousa, H. (2017). In vitro nematicidal activity of naphthoquinones against the root-lesion nematode Pratylenchus thornei. Phytopathol. Mediterr. 56, 127–132. doi: 10.14601/Phytopathol_Mediterr-19314

 Garattini, E., and Terao, M. (2012). The role of aldehyde oxidase in drug metabolism. Expert Opin. Drug Metab. Toxicol. 8, 487–503. doi: 10.1517/17425255.2012.663352

 Ge, S. X., Son, E. W., and Yao, R. (2018). iDEP: an integrated web application for differential expression and pathway analysis of RNA-seq data. BMC Bioinf. 19, 534. doi: 10.1186/s12859-018-2486-6

 Gerič Stare, B., Strajnar, P., Susič, N., Urek, G., and Širca, S. (2017). Reported populations of Meloidogyne ethiopica in Europe identified as Meloidogyne luci. Plant Dis. 101, 1627–1632. doi: 10.1094/PDIS-02-17-0220-RE

 Götz, S., García-Gómez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda, M. J., et al. (2008). High-throughput functional annotation and data mining with the Blast2GO suite. Nucleic Acids Res. 36, 3420–3435. doi: 10.1093/nar/gkn176

 Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., et al. (2011). Full-length transcriptome assembly from RNA-seq data without a reference genome. Nat. Biotechnol. 29, 644–652. doi: 10.1038/nbt.1883

 Hada, A., Singh, D., Venkata Satyanarayana, K. K. V., Chatterjee, M., Phani, V., and Rao, U. (2021). Effect of fluensulfone on different functional genes of root-knot nematode Meloidogyne incognita. J. Nematol. 53, 1–14. doi: 10.21307/jofnem-2021-073

 Hartman, J. H., Widmayer, S. J., Bergemann, C. M., King, D. E., Morton, K. S., Romersi, R. F., et al. (2021). Xenobiotic metabolism and transport in caenorhabditis elegans. J. Toxicol. Environ. Heal. Part B 24, 51–94. doi: 10.1080/10937404.2021.1884921

 Haughey, N. J. (2010). Sphingolipids in neurodegeneration. NeuroMolecular Med. 12, 301–305. doi: 10.1007/s12017-010-8135-5

 Janssen, T., Karssen, G., Verhaeven, M., Coyne, D., and Bert, W. (2016). Mitochondrial coding genome analysis of tropical root-knot nematodes (Meloidogyne) supports haplotype based diagnostics and reveals evidence of recent reticulate evolution. Sci. Rep. 6, 22591. doi: 10.1038/srep22591

 Jones, J. T., Haegeman, A., Danchin, E. G. J., Gaur, H. S., Helder, J., Jones, M. G. K., et al. (2013). Top 10 plant-parasitic nematodes in molecular plant pathology. Mol. Plant Pathol. 14, 946–961. doi: 10.1111/mpp.12057

 Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kassam, R., Jaiswal, N., Hada, A., Phani, V., Yadav, J., Budhwar, R., et al. (2023). Evaluation of Paecilomyces tenuis producing huperzine a for the management of root-knot nematode Meloidogyne incognita (Nematoda: meloidogynidae). J. Pest Sci. 96, 723–743. doi: 10.1007/s10340-022-01521-4

 Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinf. 12, 323. doi: 10.1186/1471-2105-12-323

 Li, Y., Feng, Y., Wang, X., Cui, J., Deng, X., and Zhang, X. (2020). Adaptation of pine wood nematode Bursaphelenchus xylophilus to β-pinene stress. BMC Genomics 21, 1–16. doi: 10.1186/s12864-020-06876-5

 Li, Y., Meng, F., Deng, X., Wang, X., Feng, Y., Zhang, W., et al. (2019). Comparative transcriptome analysis of the pinewood nematode Bursaphelenchus xylophilus reveals the molecular mechanism underlying its defense response to host-derived α-pinene. Int. J. Mol. Sci. 20, 911. doi: 10.3390/ijms20040911

 Lin, J., Zhou, D., Steitz, T. A., Polikanov, Y. S., and Gagnon, M. G. (2018). Ribosome-targeting antibiotics: modes of action, mechanisms of resistance, and implications for drug design. Annu. Rev. Biochem. 87, 451–478. doi: 10.1146/annurev-biochem-062917-011942

 Lu, F., Guo, K., Chen, A., Chen, S., Lin, H., and Zhou, X. (2020). Transcriptomic profiling of effects of emamectin benzoate on the pine wood nematode Bursaphelenchus xylophilus. Pest Manage. Sci. 76, 747–757. doi: 10.1002/ps.5575

 Lu, H., Xu, S., Zhang, W., Xu, C., Li, B., Zhang, D., et al. (2017). Nematicidal activity of trans-2-hexenal against southern root-knot nematode (Meloidogyne incognita) on tomato plants. J. Agric. Food Chem. 65, 544–550. doi: 10.1021/acs.jafc.6b04091

 Mahajan, R., Kaur, D. J., and Bajaj, (1992). Nematicidal activity of phenolic compounds against Meloidogyne incognita. Nematol. Mediterr. 20, 217–219.

 Maleita, C., Esteves, I., Braga, M. E. M., Figueiredo, J., Gaspar, M. C., Abrantes, I., et al. (2022). Juglone and 1,4-naphthoquinone–promising nematicides for sustainable control of the root knot nematode Meloidogyne luci. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.867803

 Maleita, C., Esteves, I., Cardoso, J. M. S., Cunha, M. J., Carneiro, R. M. D. G., and Abrantes, I. (2018). Meloidogyne luci, a new root-knot nematode parasitizing potato in Portugal. Plant Pathol. 67, 366–376. doi: 10.1111/ppa.12755

 Maleita, C., Esteves, I., Chim, R., Fonseca, L., Braga, M. E. M., Abrantes, I., et al. (2017). Naphthoquinones from walnut husk residues show strong nematicidal activities against the root-knot nematode Meloidogyne hispanica. ACS Sustain. Chem. Eng. 5, 3390–3398. doi: 10.1021/acssuschemeng.7b00039

 Mann, A., Nehra, K., Rana, J. S., and Dahiya, T. (2021). Antibiotic resistance in agriculture: perspectives on upcoming strategies to overcome upsurge in resistance. Curr. Res. Microb. Sci. 2, 100030. doi: 10.1016/j.crmicr.2021.100030

 Ntalli, N. G., and Caboni, P. (2012). Botanical nematicides: a review. J. Agric. Food Chem. 60, 9929–9940. doi: 10.1021/jf303107j

 Oka, Y. (2020). From old-generation to next-generation nematicides. Agronomy 10, 1–17. doi: 10.3390/agronomy10091387

 OmicsBox (2019). Bioinformatics made easy (BioBam Bioinformatics). Available at: https://www.biobam.com/omicsbox. (Accessed March 2022)

 Petitot, A.-S., Dereeper, A., Agbessi, M., Da Silva, C., Guy, J., Ardisson, M., et al. (2016). Dual RNA-seq reveals Meloidogyne graminicola transcriptome and candidate effectors during the interaction with rice plants. Mol. Plant Pathol. 17, 860–874. doi: 10.1111/mpp.12334

 Pfaffl, M. W., Horgan, G. W., and Dempfle, L. (2002). Relative expression software tool (REST) for group-wise comparison and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 30, e36. doi: 10.1093/nar/30.9.e36

 Santos, D., Correia, A., Abrantes, I., and Maleita, C. (2019). New hosts and records in Portugal for the root-knot nematode Meloidogyne luci. J. Nematol. 51, 1–4. doi: 10.21307/jofnem-2019-003

 Sikder, M. M., and Vestergård, M. (2020). Impacts of root metabolites on soil nematodes. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01792

 TransDecoder (2021) Find coding regions within transcripts. Available at: https://github.com/TransDecoder/TransDecoder/wiki (Accessed November 11, 2021).

 Vieira, P., Eves-Van Den Akker, S., Verma, R., Wantoch, S., Eisenback, J. D., and Kamo, K. (2015). The Pratylenchus penetrans transcriptome as a source for the development of alternative control strategies: mining for putative genes involved in parasitism and evaluation of in planta RNAi. PloS One 10, 1–25. doi: 10.1371/journal.pone.0144674

 Wang, J.-Y., Li, Q.-Y., Ren, L., Guo, C., Qu, J.-P., Gao, Z., et al. (2023). Transcriptomic and physiological analysis of the effect of octanoic acid on Meloidogyne incognita. Pestic. Biochem. Physiol. 193, 105432. doi: 10.1016/j.pestbp.2023.105432

 Wram, C. L., Hesse, C. N., and Zasada, I. A. (2022a). Transcriptional changes of biochemical pathways in Meloidogyne incognita in response to non-fumigant nematicides. Sci. Rep. 9875, 1–10. doi: 10.1038/s41598-022-14091-3

 Wram, C. L., Hesse, C. N., and Zasada, I. A. (2022b). Transcriptional response of Meloidogyne incognita to non-fumigant nematicides. Sci. Rep. 12, 9814, 1–12. doi: 10.1038/s41598-022-13815-9

 Wu, X., Yu, H., Yang, R., Zhou, Y., Zhu, X., Wang, Y., et al. (2019). Evaluation of suitable reference genes for gene expression analysis in the northern root-knot nematode, Meloidogyne hapla. PloS One 14, 1–15. doi: 10.1371/journal.pone.0218610




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Cardoso, Esteves, Egas, Braga, de Sousa, Abrantes and Maleita. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1191923-g006.jpg
Relative transcript level

¥ .

oF s?
d°
&
P





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptome analysis reveals the high ribosomal inhibitory action of 1,4-naphthoquinone on Meloidogyne luci infective second-stage juveniles

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Nematodes and 1,4-NTQ treatment

          



          		

            2.2 Total RNA extraction

          



          		

            2.3 Library preparation and sequencing

          



          		

            2.4 Data processing

          



          		

            2.5 Transcript abundance and differentially expressed genes identification and annotation

          



          		

            2.6 RT-qPCR analysis of selected DEGs

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 De novo transcriptome assembly and transcripts abundance of M. luci J2

          



          		

            3.2 Identification of DEGs in response to treatments

          



          		

            3.3 Functional features of selected DEGs in response to 1,4-NTQ treatment

          



          		

            3.4 DEGs related to nematode xenobiotic detoxification

          



          		

            3.5 Transcription level of selected DEGs

          



        



        



        		

          4 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1191923-g005.jpg





OEBPS/Images/fpls-14-1191923-g003.jpg
SBEEEES





OEBPS/Images/table2.jpg
GO D GO name FOR
Gomonsss Tramsmembrane signling cepor sty s M asiE0s

oo Sgnaling rcepor sty s e 21807 e
GOm0 Molculsr rnsdoce vty 2 ME 20807 10610
GOm0  prtein <oupld eeptor activiy s ME 29507 Lssa0
Gomr036s Adenlnserse aciviy . e 207

Gomsis Molybdoptein cofctor metsbolic pocss ' 3 k07

Gomsiiss Prosthtc group metabolc process s w ko

Gomersss Molphdopterin sdenransrse B e a1E07

o9 Molyhdoptcrin molybdotransfrase sctiviy ] ME k07 Lk
Go0008777 Mormolopici coficor oy process . w g0 Lk

M. mlclrfncton: P, gl proes FDR, e discovey e Enrichmentanlysswasprfored gt he 7.5 dfrentlly cxpresd s aman e thce condions sin e
sowistcsl Plober’s czact tes s the p-vae of 0.5 b el






OEBPS/Images/fpls-14-1191923-g001.jpg





OEBPS/Images/table3.jpg
Transcript code Log2(FC) N-H

TRINITY_DN22169.63_g1 o pRon 128 105
TRINITY_DN13780.0g1 o vsoonizs ey
TRINITY_DN 1873051 soR vRo0zsi7 106
TRINITYDNI7767.¢2 81 Giyosy ydroase Ko00980TPRO0OGO2 16
TRINITY_DN21307 2 g1 var KedossOpROGZ2IS 10
TRINITY_DN19639.0_g1 koA PROGZ21S L
TRINITY_DN21905.2 g1 var K5O PROOZ2IS ™
TRINITY_DN29173 <051 st KSR IPROONOIS Er
TRINITY_DN395).0_g1 Acohol dehydrogense Ko0980TPROLIAS Er
TRINITY_DN16092.0_g1 sldehyde dehydrogenssc Ko9B01PROISS90 s
TRINITY DN20723 251 ABC amporer Koo20101PRO36640 164
TRINITY.DN20723 63 g1 ABC nsporcr Ko20101PROO339 109
TRINITY_DN20725 ch g1 ABC amporer Ko020107PRO03439 w
TRINITY_DN20723.05. g1 ABC tamporer Koo2010nPRO7A17 7
TRINITY.DN20723 651 ABC ansporer Ko020101PRO36610 175
TRINITY_DN19007.c0_g1 ABC ansporcr Ko020101PRO36640 s
TRINITY_DNSO13_ct_g1 ABC nsporcr Ko020101- [

VP, cyochrome PIS0: SDR. short i deydrogensaldoctss UGT, UDP-glocsronayranderas GST,gotthione § transeassKEGG, Kyoo Enyclopediof Genes and Genames - .
prediciel.





OEBPS/Images/fpls.2023.1191923_cover.jpg
& frontiers | Frontiers in Plant science

Transcriptome analysis reveals the high
ribosomal inhibitory action of 1,4-
naphthoquinone on Meloidogyne luci
infective second-stage juveniles





OEBPS/Images/fpls-14-1191923-g002.jpg
B (R
. |





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1191923-g004.jpg





OEBPS/Images/table1.jpg
GOID GO nam GO category. FOR

GOOMOISH | ABCyp transportcrsctiviy ' ME Lasgor sazE0s
GOMS07E | Reguston of isogial process 2 w 10t 9seEas
GO0065007 Bioogial regiaton 2 w B0 R0
GO39 Histone binding. ' ME 836601 e
GOWOSH | Nudewide riphosphatse regitor i ME 3601

Gowr0577 Lysine-acetyated histone binding s ME 36604 Lg%
GOt Acetyltion-dependent protin binding s 36601 g
GO0030695 GTPuseregulator sctiviy s ME 36604

GOy Enoyacylcarrier-proen] reductase (NADPH, Acspcific) activty 6 ME 1BE0s saibos
GO Enzyme regultor stvy s ME 133503 349806

M. mkclrfncton: P, gl proes FDR, e discovey e, Enrichmentanlysswasprfored sgaist he 7554 dferentlly s s amang e thice condions i e
sowistcsl Plober’s czact tes s the p-vae of 0.5 b el






