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Abstract
Main conclusion  Transcriptome analysis was performed on the roots of susceptible and resistant sweetpotato cultivars 
infected with the major root-knot nematode species Meloidogyne incognita. In addition, we identified a transcription 
factor-mediated defense signaling pathway that might function in sweetpotato–nematode interactions.

Root-knot nematodes (RKNs, Meloidogyne spp.) are important sedentary endoparasites of many agricultural crop plants 
that significantly reduce production in field-grown sweetpotato. To date, no studies involving gene expression profiling in 
sweetpotato during RKN infection have been reported. Therefore, in the present study, transcriptome analysis was performed 
on the roots of susceptible (cv. Yulmi) and resistant (cv. Juhwangmi) sweetpotato cultivars infected with the widespread, 
major RKN species Meloidogyne incognita. Using the Illumina HiSeq 2000 platform, we generated 455,295,628 pair-end 
reads from the fibrous roots of both cultivars, which were assembled into 74,733 transcripts. A number of common and 
unique genes were differentially expressed in susceptible vs. resistant cultivars as a result of RKN infection. We assigned 
the differentially expressed genes into gene ontology categories and used MapMan annotation to predict their functional 
roles and associated biological processes. The candidate genes including hormonal signaling-related transcription factors 
and pathogenesis-related genes that could contribute to protection against RKN infection in sweetpotato roots were identified 
and sweetpotato–nematode interactions involved in resistance are discussed.
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Introduction

Sweetpotato (Ipomoea batatas L.), one of the most impor-
tant root crop plants worldwide, serves as a major food 
source, especially in Asia and Africa. This crop also plays 
an important role in sustainable agriculture, as it serves 
as a useful source of nutrients and biofuel, enhances 
global food security, is amenable to sustainable fertili-
zation, and enhances agricultural productivity (Woolfe 
1992; Diaz et al. 2014; Grace et al. 2014). However, the 
narrow genetic base of the cultivated sweetpotato gene 
pool, together with its hexaploid nature and its genomic 
complexity, pose a challenge to breeding efforts aimed 
at developing sweetpotato cultivars with useful traits and 
resistance to multiple environmental stresses along with 
high quality and yields.

Sweetpotato yields are affected by various biotic envi-
ronmental factors worldwide, such as viruses, fungal dis-
eases, and root-knot nematodes (RKNs) (Clark and Moyer 
1998; Kreuze 2002; Kistner et al. 1993; Palomares-Rius 
and Kikuchi 2013). Among RKNs, members of the genus 
Meloidogyne, such as Meloidogyne incognita, M. are-
naria, M. javanica, and M. hapla, represent a major threat 
to many agricultural crops including sweetpotato (Cast-
agnone-Sereno et al. 2013). M. incognita is a destructive 
RKN and the most common nematode species found in 
agricultural regions worldwide. Sweetpotato is highly sus-
ceptible to RKNs, especially M. incognita, which causes 
severe damage to the plant roots and occurs in tropical 
regions throughout the world (Bridge and Starr 2010).

Although many sources of genetic resistance to RKNs 
have been identified and characterized in many crop plants 
(Williamson and Kumar 2006), the molecular, physiologi-
cal, and genetic mechanisms of RKN resistance in sweet-
potato are poorly understood. Early attempts to address 
this question have provided insights into the basis of sus-
ceptibility and resistance to RKN in sweetpotato. However, 
recently developed genomic technologies and resources 
used to quantify changes in gene expression during RKN 
development have not yet been applied towards improving 
our understanding of these complex interactions. A large 
number of putative RKN-resistance-related genes are pre-
sent in sweetpotato, and this has been used as the basis to 
argue that RKN resistance in this crop might be inherited 
as multiple molecular genetic factors (Cervantes-Flores 
et al. 2008). Thus, it appears that the biological processes 
underlying resistance to RKN in sweetpotato are quite 
unusual, which might also be reflected in the structure of 
the sweetpotato transcriptome.

A previous study of Korean sweetpotato accessions 
maintained in South Korea showed that the sweetpo-
tato cultivar Yulmi is highly sensitive and specific to M. 

incognita, whereas Juhwangmi is highly resistant (Choi 
et al. 2006; Ha et al. 2017). Although each sweetpotato 
cultivar can be classified as being either resistant or sensi-
tive to M. incognita, the molecular mechanisms of RKN 
resistance have not yet been reported. Therefore, we per-
formed transcriptome profiling of two sweetpotato culti-
vars with contrasting responses to RKN M. incognita. The 
aim of this study was to investigate the molecular defense 
mechanism in governing sweetpotato responses RKN dur-
ing M. incognita infestation using transcriptomic analy-
sis. The results of this study increases our understanding 
of plant defense mechanisms against RKN infestation in 
RKN-sensitive and resistant sweetpotato cultivars.

Materials and methods

Plant materials, M. incognita treatment, and analysis

The two sweetpotato cultivars used in this study, includ-
ing the highly RKN-susceptible cultivar, Yulmi (cv. Yulmi, 
Y), and the highly RKN-resistant cultivar, Juhwangmi (cv. 
Juhwangmi, J), were obtained from the Bioenergy Crop 
Research Center, National Crop Research Institute (RDA, 
Muan, Jeonnam, Korea). Sweetpotato plants were culti-
vated and treated with M. incognita as described by Lee 
et al. (2012) and Ha et al. (2017). Cuttings (approximately 
10 cm long) with three leaves attached were transplanted 
into plastic pots (24 cm width, 18 cm length, and 12 cm 
height) filled with sandy loam soil infested with M. incog-
nita at a density of 1,154 ± 176 s-stage juveniles per 300 g 
of soil. As a control, the soil was steam-sterilized at 115 °C 
and 1.5 atmospheric pressure for 20 min. Both Juhwangmi 
and Yulmi plants were grown in the same pots under homo-
geneous infection conditions. The sweetpotato cuttings were 
grown under controlled-green house conditions (16 h pho-
toperiod, 30/22 °C day/night temperatures, and 70% rela-
tive humidity) with a light intensity of 200 µmol s−1 m−2 
provided by fluorescent and metal halide lamps. The plants 
were harvested 90 days after planting the cuttings, washed 
with tap water, and then, the RKN egg masses were deter-
mined. Each experiment was repeated three times with ten 
replicates per experiment. Root samples were ground to a 
fine powder in liquid nitrogen using a pestle and mortar and 
stored at − 70 °C until further analysis. The egg masses 
formed by M. incognita on the fibrous roots of sweetpo-
tato plants were dyed with Phloxin B solution and counted 
(Viaene et al. 2012). The experiment was performed using 
a completely randomized design, with ten replicates in three 
independent experiments. The data were subjected to analy-
sis of variance (ANOVA), and means were separated using 
an LSD multiple range test.
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RNA extraction, cDNA library preparation, 
and sequencing

Total RNA was isolated from fibrous sweetpotato roots using 
a Trizol RNA Isolation kit (Invitrogen). Samples with an 
RNA integrity number (RIN) value > 8 were used for library 
preparation. Each paired-end cDNA library was prepared 
according to the TruSeq RNA Sample Preparation Guide 
(Illumina, San Diego, CA, USA). The cDNA libraries were 
sequenced on the HiSeq 2000 platform. Each analysis was 
performed independently three times.

RNA‑seq data processing and de novo assembly

Paired-end reads were cleaned using prinseq-lite version 
0.20.4 with the following parameters: min_len 50; min_
qual_score 10; min_qual_mean 20; derep 14; trim_qual_left 
20; and trim_qual_right 20. The clean paired-end reads were 
subjected to the Trinity assembly pipeline (Trinity Release 
v. 2.3.2) using default parameters for de novo transcriptome 
assembly. Candidate coding transcripts were predicted using 
TransDecoder Release v. 3.0.1 (http://trans​decod​er.githu​
b.io). Transcripts sequences were clustered using CD-HIT 
v. 4.6.1 (Fu et al. 2012), and the longest sequence from each 
cluster was retained for downstream analysis.

Transcript quantification and differential expression 
analysis

The pre-processed reads from each sample were back 
aligned to the final reference transcriptome using Bowtie. 
The RSEM 1.3.0 software was used to obtain read counts 
and TMM-normalized FPKM (i.e., trimmed mean of M val-
ues–normalized fragments per kb of exon per million reads 
mapped) values for each transcript. For differential expres-
sion analysis, EdgeR version 3.16.5 was used to calculate 
the negative binomial dispersion across conditions. Genes 
were determined to be significantly differentially expressed 
if the expression levels showed a >  4 fold change with an 
FDR-adjusted P value < 0.001.

Functional annotation

Functional annotation of differentially expressed genes 
(DEGs) was performed via sequence similarity searches 
using the BLAST program against the Arabidopsis thaliana 
protein database with an e value threshold of 0.05. Gene 
Ontology (GO) classification was performed using DAVID. 
Putative sweetpotato transcription factors (TFs) were clas-
sified into families using TAIR annotation. For MapMan 
analysis, homologous Arabidopsis IDs and fold changes 

of DEGs in the two sweetpotato cultivars were mapped to 
biotic stress pathways. Pictorial representations of the biotic 
stress pathways were uploaded from the MapMan website.

Expression analysis by qRT‑PCR

Quantitative real-time PCR analysis was performed in a 
Bio-Rad CFX96 thermal cycler (Bio-Rad) using EvaGreen 
fluorescent dye according to the manufacturer’s instruc-
tions. The interexperimental quality control comparisons of 
repeated samples were assessed using CT values between 
three replications. Samples that yielded differential values 
greater than 1.5 were removed from the data set. In addition, 
quality control of the reaction by gel electrophoresis verified 
the presence of a single product of the correct size, and sam-
ples with multiple peaks in the dissociation graph were also 
eliminated to exclude unspecific PCR reactions. Linear data 
were normalized to the mean CT of the ubiquitin extension 
protein (UBI) and ADP-ribosylation factor (ARF) genes as 
a reference genes (Park et al. 2012). The gene-specific PCR 
primer sets are listed in Table S1.

Results

RKN resistance differs between the two sweetpotato 
cultivars

According to reports from the Bioenergy Crop Research 
Center and our previous study on Korean sweetpotato 
accessions maintained in South Korea, sweetpotato culti-
var Yulmi is highly sensitive and specific to M. incognita, 
whereas Juhwangmi is highly resistant. Therefore, we com-
pared the resistance of Juhwangmi and Yulmi to M. incog-
nita by measuring nematode egg mass formation after infes-
tation under greenhouse conditions. M. incognita formed 
932 ± 174 egg masses in Yulmi plants, but only 5 ± 2.7 egg 
masses in Juhwangmi plants (Fig. 1). Therefore, similar to 
the previous reports (Ha et al. 2017), our results demonstrate 
that compared with Yulmi, Juhwangmi plants are highly 
resistant to M. incognita under greenhouse conditions.

Sequencing and de novo assembly 
of the transcriptomes of fibrous sweetpotato roots 
in response to RKN

To perform de novo assembly and transcriptome analysis 
of fibrous roots from both sweetpotato cultivars under M. 
incognita-infected and control conditions, we isolated total 
RNA and used it to synthesize cDNA libraries. The cDNA 
libraries were subjected to sequencing on the Illumina 
HiSeq 2000 platform, generating 455,295,628 raw reads 
(45,984,858,428 bp). After filtering out low-quality and 

http://transdecoder.github.io
http://transdecoder.github.io
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unpaired reads using the PRINSEQ software, we obtained 
408,279,602 high-quality reads, which we used for de novo 
assembly of the transcriptomes of both sweetpotato culti-
vars (Table S2). All raw reads were deposited at NCBI and 
can be accessed under SRA accession number SRP128609 
(PRJNA429283). A total of 1332 and 77,334 transcripts 
were obtained from Yulmi and Juhwangmi with 754 bps 
and 735 bps of N50, respectively. A total of 74,733 unigenes 
(61,340,286 nucleotides) were obtained by assembling high-
quality reads using the Trinity program, with an average 

length of 820 bp and an N50 length of 1041 bp (Table 1), 
which generated more high-quality transcriptome data than 
single cultivar de novo assembly. In this respect, we selected 
the reference unigene set as the de novo transcriptome, 
which was assembled using both cultivars in this study. 
Open reading frames were identified from all transcripts, 
including 23,566 full length, 18,463 5′-partial, 21,217 inter-
nal partial, and 11,487 3′-partial transcripts (Table 2).

Global statistical evaluation of samples used 
for comparative transcriptome analysis

To perform a statistical evaluation of the samples used 
for comparative transcriptome analyses, we mapped high-
quality reads to the assembled transcriptome and calculated 
transcript abundance. We identified DEGs based on pair-
wise sample comparisons and visualized the distribution of 
the DEGs in MA plots (Fig. 2a). In pairwise comparisons, 
the biological replicates were more highly correlated within 
samples than between samples, and identical cultivars were 
more closely clustered together than the other cultivars, 
regardless of M. incognita infection (Fig. 2b).

Identification of DEGs in pairwise sample 
comparisons

In total, we identified 4479 putative unique transcripts as 
reliable DEGs (using a cutoff > 4 fold change and < 0.001 
of Kal’s z test FDR P value) in pairwise sample compari-
sons (Fig. S1a). Initially, we examined the transcriptional 
responses against RKNs in both cultivars (Fig. S1b). 
Among the DEGs, 294 and 587 were significantly up- and 
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Fig. 1   Effect of the root-knot nematode M. incognita on Yulmi and 
Juhwangmi sweetpotato plants grown under greenhouse condi-
tions for 3 months. a Yulmi and Juhwangmi cultivars infected by M. 
incognita. The plants were grown in steam-sterilized (control) and 
non-sterilized sand. Egg masses in non-sterilized sand containing 
M. incognita are also shown. b Quantification of egg masses formed 
by M. incognita. Egg masses formed in non-sterilized sand contain-
ing M. incognita, but not in sweetpotato plants cultured in sterilized 
soil. Data represent mean ± SD of ten replicates. Statistical signifi-
cance of differences between the control and treated plant groups was 
determined by one-way ANOVA with LSD post hoc test (*P < 0.05; 
**P < 0.01)

Table 1   Statistics related to de novo assembly of transcripts in sweet-
potato

Assembled contigs Yulmi Juhwangmi Both

Total trinity transcripts 71,332 77,334 74,733
Percent GC 43.23 43.35 46.65
Contig N50 754 735 1041
Average contig 606.89 599.17 820.79
Total assembled bases 1,36,32,611 1,31,55,905 6,13,40,286

Table 2   Statistics of predicted types of open reading frame

CDS Yulmi Juhwangmi Both

Complete ORF 20,788 25,329 23,566
5′ partial ORF 17,038 18,570 18,463
Internal ORF 23,916 21,904 21,217
3′ partial ORF 9590 11,531 11,487
Total 71,332 77,334 74,733
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downregulated after M. incognita infection in Yulmi, respec-
tively. In the RKN-resistant cultivar, Juhwangmi, 929 puta-
tive transcripts were differentially expressed in response 
to M. incognita, including 179 upregulated and 750 down-
regulated DEGs. We also compared the transcriptomes 
of uninfected cultivars to examine the pre-existing resist-
ance mechanism in Juhwangmi. We identified 663 DEGs, 
including 331 that were upregulated and 332 that were 
downregulated in Juhwangmi compared with Yulmi under 
control (uninfected) conditions. Finally, we compared the 
transcriptomes of both cultivars after M. incognita infec-
tion to uncover the underlying molecular mechanism that 
causes their differential responses to RKN. We identified 
1403 transcripts as reliable DEGs, including 743 that were 
upregulated and 660 that were downregulated in Juhwangmi 
compared with Yulmi.

Characterization of the DEGs based on biological 
processes

To functionally characterize the DEGs, we identified their 
encoded gene products via comparisons with an A. thali-
ana protein database and performed GO (biological pro-
cess) enrichment analysis of the annotated genes (with 

Benjamini–Hochberg-adjusted P values < 0.05). Several 
biological processes (response to cadmium ion, response 
to salt stress, response to cytokinin, and response to chitin) 
were enriched in the DEGs between Yulmi plants that were 
infected vs. uninfected with M. incognita (Fig. S2a). Biologi-
cal processes such as response to cadmium ion, tricarboxylic 
acid cycle, and oxidation–reduction process were enriched 
in the DEGs between Juhwangmi plants with and without 
RKN infection (Fig. S2b). Biological processes related to 
response to cadmium ion, response to salt stress, tricarbox-
ylic acid cycle, and ethylene (ET)-activated signaling pathway 
were enriched in the DEGs between Yulmi and Juhwangmi 
uninfected with RKN (control) (Fig. S2c), whereas biological 
processes related to response to wounding, response to cad-
mium ion, ET-activated signaling pathway, response to chitin, 
response to abscisic acid (ABA), oxidation–reduction process, 
and response to jasmonic acid (JA) were enriched in the DEGs 
between Yulmi and Juhwangmi infected with RKN (Fig. S2d).

Transcriptional regulation of TF genes in response 
to RKN infection

Transcription factors (TFs) are highly important, as the 
induction of genes in response to stress occurs primarily at 

Fig. 2   Statistical analysis of differentially expressed genes across 
samples. a MA plots showing pairwise comparisons of transcript 
levels across samples. YC Yulmi control, YT Yulmi treatment, JC 
Juhwangmi control, JT Juhwangmi treatment. Log2 fold change 
(logFC) between the two samples is plotted on the Y-axis, and the 
Log2 average of the counts normalized by size factor is shown on the 
X-axis. The red dots indicate transcripts for which the logFC was sig-

nificantly higher than 2 or lower than − 2. The black dots indicate 
transcripts for which the logFC was between − 2 and 2. b Clustered 
heatmap showing the Pearson correlation matrix for pairwise sample 
comparisons. The color key was adjusted based on the log2-centered 
values for optimal visual detection of the differences, and the dendro-
gram illustrates the relationship distance between samples
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the level of transcription. Spatiotemporal regulation of the 
expression of TF genes plays an important role in down-
stream signaling pathways to initiate protective defense 
responses in various plant species, including sweetpotato. 
The major TFs identified in sweetpotato were classified into 
ten families, with the most abundant TFs related to biotic 
stress responses, including MYB (R2R3-type MYB domain 
protein, 21%), bHLH (basic helix–loop–helix domain pro-
tein, 18%), WRKY (WRKY domain protein, 14%), ERF 
(ethylene responses factor protein, 13%), bZIP (basic leu-
cine zipper domain protein, 12%), NAC (NAM/ATAF/
CUC protein, 10%), HD-ZIP (homeodomain–leucine zip-
per protein, 7%), ARF (auxin response factor protein, 5%), 
and ZF-HD (zinc finger-homeodomain protein, 0.5%) (Fig. 
S3a). The four most highly expressed TF families in this 
study, MYB, bHLH, WRKY, and ERF, which are impli-
cated in many physiological and biochemical processes, are 
also involved in various plant–pathogen interactions through 
their effects on regulating pathogen resistance and cell death. 
We also identified differentially expressed TFs in pairwise 
sample comparisons, with the proportions of differentially 
expressed TFs as follows: ERF (24.8%), bHLH (16.4%), 
MYB (15.2%), WRKY (12.9%), NAC (10.9%), bZIP (9.1%), 
HD-ZIP (5.1%), ARF (5.0%), and ZF-HD (0.6%; Fig. S3b). 
Among these, ERF TFs produced the highest proportion of 
differentially expressed transcripts and might, therefore, play 
important roles in the response to M. incognita infection in 
sweetpotato. Therefore, perhaps, the differentially expressed 
TF genes identified in this study have closely overlapping 
functions and might activate or repress genes through cis-
acting sequences that respond to M. incognita infection.

Differential regulation of hormonal 
signaling‑related TF and pathogenesis‑related 
genes in response to RKN infection

We identified DEGs encoding TFs involved in various hor-
monal signaling-related pathways during RKN infection 
(Fig. 3a). Putative SA-dependent WRKY53/WRKY70 genes 
were not expressed or were slightly induced under RKN 
infection in both cultivars. By contrast, putative ET-depend-
ent ERF1/ERF2 and JA-dependent MYC2/MYC4 genes were 
induced or highly upregulated in Juhwangmi compared with 
Yulmi during RKN infection. Next, we identified various 
pathogenesis-related (PR) genes among DEGs during RKN 
infection (Fig. 3b). PR1, PR2 (beta-1,3-glucanase), PR4 
(chitinase), and PR5 (thaumatin) were not expressed or were 
slightly induced under RKN infection in both cultivars. By 
contrast, the expression of PR3 (chitinase), PR5 [protease 
(trypsin) inhibitor], and PR10 (RNase) increased moderately 
or strongly in Juhwangmi compared with Yulmi during RKN 
infection.

Expression profiling of RKN‑resistant PR genes 
by qRT‑PCR analysis

We analyzed the expression patterns of four randomly 
selected candidate RKN-responsive PR genes, including two 
PR6 (Ibatatas_LOC24172, Ibatatas_LOC34060) and two 
PR10 (Ibatatas_LOC62265, Ibatatas_LOC62267) genes, in 
RKN-infected root tissues of the two sweetpotato cultivars 
by qRT-PCR analysis (Fig. 4). Both qRT-PCR and RNA-Seq 
analysis revealed significant DEGs between the two culti-
vars: PR6 and PR10 were highly upregulated in Juhwangmi 
during RKN infection compared with Yulmi.

Expression profiling of hormonal signaling‑related 
marker genes during the early period of RKN 
infection

To identify changes in expression of hormone signaling-
related genes (e.g., JA, ET, SA, and ABA) in response to 
RKN infection during the early stage of treatment, we per-
formed qRT-PCR analysis of two different sweetpotato cul-
tivars (Fig. 5). In general, transcription of genes involved in 
JA signaling (LOX1 and MYC2) increased in the Juhwangmi 
cultivar upon infection with RKN, whereas that of the JA-
repressor JAZ1 fell. In the case of ET signaling, we noted a 
slight increase in transcription of ET signaling-related genes 
such as EIN4 and ERF1 during RKN infection. However, 
changes in SA and ABA signaling-related genes were rela-
tively less pronounced in both cultivars. Detailed examina-
tion of the qRT-PCR data revealed that infection by RKN 
triggered changes in expression of hormonal signaling-
related genes, but that the regulatory mechanism in the two 
sweetpotato cultivars was different.

Discussion

To the best of our knowledge, this is the first comprehensive 
analysis of global gene expression profiles in RKN-infected 
sweetpotato roots under soil-grown conditions in both sus-
ceptible and resistant cultivars. We identified DEGs by 
comparing the expression profiles of infected vs. uninfected 
roots. Our approach identified a large set of DEGs, as well 
as their potential roles in resistance-related signaling during 
RKN development.

In addition, we constructed a model using MapMan 
analysis to visualize the dynamic changes in expression 
of genes involved in various biological processes in both 
sweetpotato cultivars during RKN infection based on a sum-
mary of our transcriptome data (Fig. 6). Using the MapMan 
annotation software to organize and display our data sets 
in the context of biological pathways, we identified genes 
related to biotic stress responses among the distinct DEGs, 
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with many genes involved in defense signaling, including 
genes encoding TFs such as ERF, WRKY, and MYB; these 
genes were more responsive to RKN in Juhwangmi than in 
Yulmi under both control and RKN infection conditions. 
In the MapMan data set, ERF and ET signaling genes were 
more responsive under control conditions vs. RKN infec-
tion in Juhwangmi compared with Yulmi; these results are 

consistent with the results of GO and RNA-Seq analysis 
(Figs. 3, S2). JA, ABA, and SA signaling were also more 
responsive to RKN infection in Juhwangmi than in Yulmi. 
GO analysis also indicated that the categories JA signaling, 
JA response, and ABA response were more highly enriched 
in RKN-treated Juhwangmi than in RKN-treated Yulmi (Fig. 
S2d). RNA-Seq analysis showed that MYC TFs were more 
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Fig. 3   Comparison of the relative expression levels of selected candi-
date genes in two sweetpotato cultivars under control and RKN treat-
ment. a DEGs including SA-dependent WRKY53 and WRKY70, ET-
dependent ERF1 and ERF2, and JA-dependent MYC2 and MYC4. 

b DEGs including SA-dependent PR1, PR2, and PR5 and ET/JA-
dependent PR3, PR4, PR6, and PR10. The heatmap, which was con-
structed using MultiExperiment Viewer v. 4.9 (MEV4.9), displays the 
normalized transcript levels of each gene
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highly responsive to RKN infection in Juhwangmi than in 
Yulmi (Fig. 3a).

The basic helix–loop–helix (bHLH) TF MYC2 plays a 
role in multiple hormone signaling pathways in Arabidopsis 
under stress conditions (Fujita et al. 2006). AtMYC2, which 
was first identified as a transcriptional activator involved 
in the ABA-mediated drought stress signaling pathway 
(Abe et al. 2003), also upregulates the expression of genes 
involved in the JA-mediated wounding response and nega-
tively regulates the expression of JA/ET-mediated defense 
signaling pathway genes during pathogen infection (Ander-
son et al. 2004; Boter et al. 2004; Lorenzo et al. 2004). Under 
biotic stress conditions, AtMYC2 either negatively or posi-
tively modulates JA-dependent signaling pathways (Kazan 
and Manners 2008). For example, AtMYC2 positively regu-
lates the JA-mediated insect-resistance response, metabolic 
changes such as flavonoid metabolism, and the oxidative 
stress response (De Vos et al. 2005). By contrast, MYC2 
negatively regulates JA-dependent indole glucosinolate bio-
synthesis and pathogen defense responses (Dombrecht et al. 
2007). Therefore, our data suggest that MYC2 might be a 
key regulator of the crosstalk among hormonal signaling 

pathways between biotic and abiotic stress responses in 
RKN-resistant sweetpotato.

Other genes related to pathogen recognition and defense 
response, cell wall metabolism, proteolysis, redox state, and 
secondary metabolism that are known to be involved in the 
plant response to nematode infection are shown in the map 
in Fig. 6. Overall, MapMan ontology analysis enabled us to 
construct a genome-wide outline of the expression of sweet-
potato genes that respond to RKN M. incognita infection 
by identifying pathways involved in the main steps lead-
ing to the resistance response. Initially, during nematode 
infection, recognition by R genes usually triggers effector-
triggered immunity, eliciting intermediate enzymes with an 
active redox state that protect cells from oxidative damage 
(Holbein et al. 2016). Subsequently, the regulation of vari-
ous MAPK and TF genes involved in signal transduction 
pathways promotes the induction of a large set of genes 
commonly known as defense-related genes, such as PR pro-
teins, heat shock proteins (HSPs), and enzymes involved in 
the biosynthesis of anti-microbial secondary metabolites. 
However, our results show that R gene-mediated signaling 
via MAPK and TF genes responded only weakly to RKN 
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Fig. 4   Comparison between qRT-PCR results and RNA-Seq expres-
sion profiles. Relative mRNA levels of DEGs including PR6 (Ibata-
tas_LOC24172, Ibatatas_LOC34060) and two PR10 (Ibatatas_

LOC62265, Ibatatas_LOC62267) genes in two sweetpotato cultivars 
under RKN infection, as analyzed by qRT-PCR (left Y-axis) and 
RNA-Seq (right Y-axis)
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Fig. 5   Expression profiling of hormonal signaling-related marker 
genes. Relative mRNA levels of DEGs including JA marker (LOX1, 
JAZ1, and MYC2), ET marker (EIL1, EIN4, and ERF1), SA marker 

(EDS1, NPR1, and TGA1), and ABA marker (SNRK2, ABF3, and 
LEA14) genes in two sweetpotato cultivars under early RKN infection 
time
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infection in the resistant cultivar Juhwangmi compared with 
Yulmi (Fig. 6b). Interestingly, genes involved in phytohor-
mone-mediated defense signaling pathways directly or indi-
rectly related to resistance responses, such as JA, SA, ET, 
and ABA genes that play a role in plant immunity (Santino 
et al. 2013), were upregulated in Juhwangmi under RKN 
treatment (Fig. 6b). In addition, some other TF genes and 
other DEGs identified in the study are also known to be 
activated by abiotic stress (Fig. 6).

Some aspects of plant immunity include sensing of path-
ogens or microbe-associated molecular patterns (PAMPs 
or MAMPs) by cell surface-localized pattern recognition 
receptors (PRRs) (Zipfel 2008), which leads to induction 

of pattern-triggered immunity (PTI). This activates down-
stream immune responses, including induction of an oxi-
dative burst via accumulation of reactive oxygen species 
(ROS), cell wall reinforcement, activation of CDPKs and 
MAPKs, and rapid changes in expression of signaling-asso-
ciated genes (Jones and Dangl 2006; Zipfel 2008). Plants 
have also evolved resistance mechanisms that recognize 
specific effectors, which induce effector-triggered immunity 
(ETI). Plant PRRs are plasma membrane-localized receptor-
like kinases (RLKs) or receptor-like proteins (RLPs) that can 
form multiprotein complexes with PRRs at the cell mem-
brane (Zipfel 2014). The extracellular leucine-rich repeats 
(LRR)-RLK BRASSINOSTEROID INSENSITIVE-1 

Fig. 6   MapMan diagram of sweetpotato genes involved in the 
response to RKN (M. incognita) infection. Overview of DEG expres-
sion patterns (log2FC of fpkm + 1) in Juhwangmi roots relative to 
Yulmi roots. a YC and YT, b JC and JT, c YC and JC, and d YT 
and JT. Dots show the different paralogous genes encoding proteins 

related to a certain step in the defense response. Red dots indicate 
upregulation, and blue dots indicate downregulation. YC Yulmi con-
trol, YT Yulmi treatment, JC Juhwangmi control, JT Juhwangmi treat-
ment
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(BRI1) is a receptor complex with various LRR containing 
PRRs for positive PTI regulation (Roux et al. 2011; Sun 
et al. 2013). The BAK1-dependent signaling pathway is con-
served in different PRRs; this involves transphosphorylation 
of the BAK1-PRR and phosphorylation of the cytoplasmic 
BOTRYTIS-INDUCED KINASE 1 (BIK1) (Lu et al. 2010; 
Han et al. 2014). Phosphorylation of BIK1 by BAK1 acti-
vates NADPH oxidase D (RbohD), which then activates 
downstream signaling pathways such as the MAP kinase cas-
cade (Asai et al. 2002; Lu et al. 2010; Kadota et al. 2014; Li 
et al. 2014). Interestingly, a recent study suggests that nema-
tode infection triggers PTI responses by surface-localized 
receptors on host cells. Peng and Kaloshian (2014) reported 
that silencing of tomato BAK1 orthologues SISERK3A or 
SISERK3B in transgenic plants increased their susceptibil-
ity to nematode infection due to defective activation of basal 
defenses. In Arabidopsis, nematode infection triggers PTI 

responses via BAK1-dependent and independent pathways. 
BAK1 mutants show significantly greater susceptibility to 
RKN than wild-type controls (Teixeira et al. 2016). Nema-
tode-derived elicitors are capable of inducing PTI responses 
in Arabidopsis in a BAK1-dependent manner (Mendy et al. 
2017). Here, we also observed BAK1-dependent responses 
in the two different sweetpotato cultivars (Fig. 7). The data 
suggest that nematode-mediated induction of PTI responses 
by the two sweetpotato cultivars during RKN infection 
involves BAK1-related signaling via Rbohs, CDPKs, and 
MAPKs. Taken together, the results indicate that two dif-
ferent sweetpotato cultivars mount BAK1-related PTI 
responses, suggesting the existence of diverse nematode 
recognition responses.

Identifying DEGs in RKN-susceptible and resistant 
sweetpotato cultivars was of primary importance, since the 
differential expression of genes involved in hormonal signal 

Control   Treatment    Control Treatment

Yulmi Juhwangmi

BAK1

CDPK1

CDPK3

CDPK6

CDPK9
CDPK19

Control   Treatment    Control Treatment

Yulmi Juhwangmi

Control   Treatment    Control Treatment

Yulmi Juhwangmi

RbohB
RbohC
RbohD

RbohF

MPK1

MPK3

MPK4

MPK5

MPK6

MPK9

MPK15
MPK16
MPK18
MPK19
MPK20

Control   Treatment    Control Treatment

Yulmi Juhwangmi

Fig. 7   Comparison of the relative expression levels of BAK1-depend-
ent response-related genes in two sweetpotato cultivars under control 
and RKN treatment. DEGs including BAK1, Rbohs, CDPKs, and 

MAPKs The heatmap, which was constructed using MultiExperiment 
Viewer v. 4.9 (MEV4.9), displays the normalized transcript levels of 
each gene
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transduction during RKN infection might play a key role in 
the resistance response. The DEGs identified in this study 
showed comparable expression profiles under both types 
of analysis, with the qRT-PCR results positively correlated 
with the RNA-Seq data (Figs. 3, 4). This set of genes exhib-
ited distinctive responses to nematode challenge, including 
genes related to phytohormone signaling via TFs and PR 
genes, which participate in plant resistance to RKN in sweet-
potato roots.

During RKN infection, various TF genes functioned in 
sweetpotato roots (Fig. S3). Among these, WRKY TFs are 
involved in SA signaling pathways during pathogen and 
nematode infection (Grunewald et al. 2008; Rushton et al. 
2010; Holbein et al. 2016). ERFs and MYC TFs also regu-
late ET and JA signaling pathways under biotic stress con-
ditions, including nematode infection (Nahar et al. 2011; 
Santino et  al. 2013; Holbein et  al. 2016). Putative SA-
dependent WRKY53/WRKY70 genes were not expressed 
or only slightly induced upon RKN infection in both culti-
vars, whereas putative ET-dependent ERF1/ERF2 and JA-
dependent MYC2/MYC4 genes were more highly upregu-
lated in Juhwangmi than in Yulmi (Fig. 3). PR genes have 
been implicated in active defense responses and may play a 
role in restricting pathogen development and spread in plants 
(Van Loon et al. 2006). These genes are also induced in 
response to bacterial, fungal, viral, and nematode infection 
(Holbein et al. 2016).

Analyzing the association of the expression profiles of 
these DEGs in response to RKN infection with their pri-
mary functions in defense might help unravel their putative 
physiological roles during this incompatible plant–nema-
tode interaction. In general, SA activates the plant defense 
response to biotrophic and hemi-biotrophic pathogens, 
induces systemic acquired resistance (SAR), and trig-
gers the expression of SAR-associated PR genes. SA has 
already been shown to play important physiological and 
biochemical roles in decreasing susceptibility to RKN, as 
this phytohormone can induce the accumulation of reac-
tive oxygen species, which occurs during the early stages of 
incompatible interactions and is a component of the hyper-
sensitive response (HR) (Nandi et al. 2003; Branch et al. 
2004; Melillo et al. 2006). During nematode infection in 
Arabidopsis, PR1, PR2, and PR5, which are markers for 
SA-dependent SAR, are induced in infected plants (Thomma 
et al. 1998). In the SA signaling pathway, major TFs, includ-
ing WRKY53 and WRKY70, regulate the expression of PR1 
(Eulgem and Somssich 2007). In the current study, PR genes 
such as PR1, PR2, and PR5, and WRKY TF genes such as 
WRKY53 and WRKY70 were slightly responsive to RKN 
infection in resistant cultivar Juhwangmi (Fig. 3), suggest-
ing that SA signaling pathways likely play a minor role in 
the resistance mechanism in Juhwangmi plants in response 
to RKN infection.

JA and ET are important for the induction of nonspecific 
disease resistance and play an important role in induced 
resistance, activating genes involved in plant defense in 
response to pathogen attack and wounding (Thomma et al. 
1998). JA is closely associated with the generation of vari-
ous secondary metabolites, such as flavonoids, and can also 
trigger the biosynthesis of defensive proteins in roots, which 
are toxic to nematodes in vitro and have been implicated in 
plant defense against these nematodes (Soriano et al. 2004). 
During nematode infection in Arabidopsis, JA-dependent 
resistance also appears to be effective against necrotrophic 
pathogens (Staswick et al. 1998; Vijayan et al. 1998), and 
PR3, PR4, PR6, and PR10, which are markers for the JA-
dependent SAR response, are induced in infected plants 
(Thomma et al. 1998). Among PR6 proteins, patatin from 
potato and sporamin from sweetpotato exhibits trypsin-
inhibiting activity and plays an essential role in the HR and 
cell death during plant–pathogen interactions, as they medi-
ate the production of JA and defense responses in some plant 
species (Yeh et al. 1997; Camera et al. 2009). Other proteins 
involved in mounting resistance responses via the regulation 
of JA include chitinase (PR3 and PR4) and RNase (PR10), 
which also play regulatory roles in the JA signaling pathway 
(Liu and Ekramoddoullah 2006; Hammouch et al. 2011). 
Major TFs in the JA/ET signaling pathway, including MYCs 
such as MYC2 and MYC4 and ERFs such as ERF1 and 
ERF2, regulate the expression of ET- and/or JA-responsive 
genes (Figs. 3, S2). Our results show that TF genes such as 
MYC2, MYC4, ERF1, and ERF2 and PR genes such as PR3, 
PR6, and PR10 were highly responsive to RKN infection in 
resistant cultivar Juhwangmi (Fig. 3).

In summary, we identified changes in the expression of 
important functional genes in RKN-susceptible and resist-
ant sweetpotato cultivars during nematode parasitism. We 
identified candidate genes that might trigger changes in 
specific signaling pathways involved in hormonal regu-
lation and/or defense gene-related resistance to RKN in 
sweetpotato. The identification of individual or multiple 
RKN-resistance genes by marker-assisted selection or the 
introduction of these genes into plants via transgenic expres-
sion could offer several benefits for nematode control in an 
integrated management system and could provide broad-
spectrum nematode resistance in a variety of useful crop 
plants. Further investigation will be required to elucidate 
the exact functional role of each candidate gene in the regu-
lation of the defense signaling pathways induced in sweet-
potato after infection with RKN. Transgenic sweetpotato 
plants expressing each candidate gene will be generated to 
analyze their roles in RKN-resistant stress mechanism in 
plants. We expect that these studies, including those requir-
ing suppression of candidate genes in transgenic plants, will 
provide valuable information for the development of crops 
with enhanced resistance to RKN infection.
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