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Gene expression profiling
describes the genetic regulation of
Meloidogyne arenaria resistance
in Arachis hypogaea and reveals a
candidate gene for resistance
Josh Clevenger1, Ye Chu1, Larissa Arrais Guimaraes1, Thiago Maia1, David Bertioli2,3, Soraya
Leal-Bertioli2,4, Patricia Timper5, C. Corley Holbrook5 & Peggy Ozias-Akins1
Resistance to root-knot nematode was introgressed into cultivated peanut Arachis hypogaea from a
wild peanut relative, A. cardenasii and previously mapped to chromosome A09. The highly resistant
recombinant inbred RIL 46 and moderately resistant RIL 48 were selected from a population with
cv. Gregory (susceptible) and Tifguard (resistant) as female and male parents, respectively. RNA-seq
analysis was performed on these four genotypes using root tissue harvested from root-knot nematode
infected plants at 0, 3, 7 days after inoculation. Differential gene expression analysis provides evidence
that root-knot nematodes modulate biological pathways involved in plant hormone, defense, cell
signaling, cytoskeleton and cell wall metabolism in a susceptible reaction. Corresponding to resistance
reaction, an effector-induced-immune response mediated by an R-gene was identified in Tifguard.
Mapping of the introgressed region indicated that 92% of linkage group A09 was of A. cardenasii origin
in Tifguard. RIL46 and RIL 48 possessed 3.6% and 83.5% of the introgression on A09, respectively.
Within the small introgressed region carried by RIL 46, a constitutively expressed TIR-NBS-LRR gene
was identified as the candidate for nematode resistance. Potential defense responsive pathways include
effector endocytosis through clathrin-coated vesicle trafficking, defense signaling through membrane
lipid metabolism and mucilage production.
Root-knot nematodes (Meloidogyne spp.) are sedentary endoparasites affecting the root systems of over 3,000
plant species1. Among the three nematode species parasitizing peanut (M. arenaria, M. hapla and M. javanica),
M. arenaria is the most prominent pathogen to the US peanut (A. hypogaea) industry due to its wide distribution in the peanut production regions2. The life cycle of M. arenaria starts from hatching in the soil as infectious
second-stage juveniles (J2) which penetrate the root tip of a peanut plant. Inside the root, the J2 travels intercellularly along the vascular cylinder and remodels the parenchymatic cells into enlarged multinucleated giant cells as
their feeding sites. Surrounding cells also exhibit hyperplasia and hypertrophy resulting in the formation of galls3.
Within one month, a female nematode goes through three molts to become an adult and lays several hundred
eggs outside the root. The growth of a nematode infested peanut plant can be severely stunted due to the disruption of root cell structure and shunting of nutrients to support nematode growth. Yield penalty is estimated at 3
to 15% in the infested peanut growing regions4.
Application of nematicides and soil fumigants are effective in reducing nematode populations, but are expensive to apply. Crop rotation between host and non-host crops can be effective, but host resistance is both effective
and inexpensive for managing root-knot nematodes. Plant resistance genes Mi in tomato5, Ma in plum6, and rhg1
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in soybean7 confer strong resistance to nematodes. In A. hypogaea, only moderate host resistance to nematodes
was identified among over one thousand plant introductions8. On the other hand, strong resistance to nematodes
was revealed in a number of wild peanut relatives including A. cardenasii 9, 10. Introgression of nematode resistance into cultivated peanut was achieved through a three-way interspecific cross (A. batizocoi Krapov & Gregory)
x (A. cardenasii x A. diogoi Hoehne) and intensive backcross programs11–13. Nematode resistant peanut cultivars COAN12 and NemaTAM13 were subsequently released. Tifguard14 was developed from a cross using COAN
as the donor for nematode resistance. Tifguard carries a large alien introgressed region from A. cardenasii on
chromosome A09 and inherits near immunity to M. arenaria15. Recombination of the alien introgressed region
was infrequent in the recombinant inbred population with susceptible peanut cultivar Gregory16 as female and
Tifguard as male parent15. However, improved marker density on chromosome A09 allowed for the discovery
of two rare recombinants, one carrying strong and the other moderate nematode resistance17. Utilizing these
breeding lines to study nematode-host interaction provides an unique opportunity to dissect the resistant and
susceptible responses.
Previously, suppression subtractive hybridization18 was employed to reveal differentially expressed genes
between NemaTAM and a susceptible cultivar Florunner19. A total of seventy differentially regulated genes
between the two cultivars were identified. A consititutive basal level of resistance in NemaTAM toward nematode
challege was proposed. Profiling of host gene expression upon nematode challenge in other species has been
performed with high-throughput arrays and RNA-seq analysis. Microarray analysis with nematode enriched root
tissues from Arabidopsis20, tomato21 and laser capture microdissected (LCM) syncytia from soybean22 resulted
in detection of thousands of differentially expression genes. RNA-seq analysis of LCM-isolated giant cells23 or
root galls24 in rice and whole root tissue in alfalfa25 provided insights into the complex molecular pathways in
response to nematode invasion including defense response, cellular transport, cell cycle, water channels, and
cell wall metabolism. In this study, RNA-seq analysis was performed with nematode infected root tissues from
Tifguard, Gregory, and two RILs demonstrating recombination within the alien introgressed region. Global gene
regulation at early stages of nematode infection revealed molecular pathways conducive to nematode parasitism
as well as cellular defense reactions leading to a resistance response. In addition, a candidate nematode resistance
gene residing in the introgressed region is proposed.

Materials and Methods
Plant materials.

The nematode resistant cultivar Tifguard, susceptible cultivar Gregory and two recombinant inbred lines, RILs 46 and 48 from a Gregory x Tifguard population were tested. RIL 46 and 48 exhibit strong
and moderate resistance to root-knot nematode, respectively17. All plants were genotyped with two diagnostic
KASP markers, i.e. Ah2n_TOG900848 and Ah2n_TOG89888717 for the alien introgressed region hosting strong
and moderate resistance to nematode, respectively.

Nematode inoculation and RNA extraction. Seeds were treated in a chlorine gas chamber for 8 hr prior

to planting in sterilized vermiculite medium and watering with sterilized water26. Miracle-Gro (N-P-K 24-8-16)
was applied two weeks after planting. Four weeks after planting, 20,000 J2 of M. arenaria worms were applied to
each plant. Whole root tissue was collected with three biological replications for each treatment. For the day zero
time point, only uninfected controls were collected. On three and seven days after inoculation (dai), both infected
tissues and uninfected controls were collected. At the time of harvest, roots were washed with sterilized water
and dried briefly with a paper towel before freezing and grinding in liquid nitrogen. Approximately 500 mg of the
pulverized tissue was homogenized in RLT buffer using the Qiagen RNeasy Plant mini kit in proportions according to the manufacturer's instructions (Qiagen). Extracts equivalent to 80 mg of root tissue were used for RNA
purification. Amplification grade DNAse I (Life Technologies) was used to treat RNA followed by concentration
of treated RNA using the RNeasy MinElute Cleanup kit (Qiagen). Quality and quantity of RNA was determined
by Agilent 2100 Bioanalyzer. RNA samples with RIN number greater than 8.0 were used for paired-end library
construction with Kapa stranded RNA-seq kits (Kapa Bio Systems) at the Georgia Genomics Facility (Athens,
Georgia).

RNA sequencing and QC.

Libraries were sequenced on an entire flow cell using the Illumina HiSeq 2500.
De-multiplexed reads were checked for quality and kmer overrepresentation using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed of 10 bases on the 5′ end due to kmer overrepresentation and to maintain high quality (median > 30) over the length of the read (100 bp). Trimmed reads were
then mapped to a database of rRNA sequence to remove any rRNA contamination. Cleaned reads per library are
shown in Table S1. Raw sequence for all samples is deposited at http://www.ncbi.nlm.nih.gov/bioproject/360316
at BioProject PRJNA360316.

Introgression fine mapping. Reads were normalized to maximum coverage of 50 reads per kmer using
Trinity normalization27 and mapped to the A. duranensis pseudomolecules28 (peanutbase.org) using Tophat v
2.1.029 and the parameters ‘-I 5000 –no-mixed –no-discordant’. SNPs were called between Tifguard and Gregory
using Samtools30 and SWEEP31. Custom scripts (supplied in Supplementary File S1) were used to identify
SNPs between Tifguard and Gregory that also exist between A. cardenasii and A. duranensis. These SNPs were
determined to be diagnostic for A. cardenasii. These SNPs were used to ‘trace’ the A. cardenasii introgression in
Tifguard, RIL 46, and RIL 48.
Read mapping and differential expression analysis. Cleaned reads were mapped to the A. hypogaea
reference transcriptome assembly (PRJNA291488) using Bowtie32 and RSEM33. Percentage of reads mapped to
the reference transcriptome ranged from 70% to 80%. Estimated counts were used for differential expression
analysis using DESeq234. Linear modeling differential expression analysis using three different comparisons and
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modeling seven different effects was carried out using the LRT() function. All p-values were corrected for multiple testing with a Benjamini-Hochberg correction with a false discovery rate (FDR) of 5%. Genes were determined to be differentially expressed with a corrected p-value < 0.05.

Differentially expressed gene clustering using self-organizing maps. Groups of genes determined

to be differentially expressed for each effect were clustered using the SOM (Self-Organizing Maps) function from
the Kohonen Package in R35 using a 4 by 3 hexagonal SOM grid. Expression patterns of clustered genes were
inspected manually for biologically relevant co-expression clusters.

GO term enrichment analysis. GO terms associated with each cluster and total counts for each GO category in the full transcriptome assembly were counted using custom bash scripts. Counts for each sample (cluster)
and population were used to calculate a p-value for enrichment using a hypergeometric test in R (phyper()). The
resulting p-value for each represented GO term was adjusted by a Benjamini-Hochberg multiple testing correction. Finally, only p-values below the 0.001 level were considered, to further control for false positives.
Tifguard, Gregory, and Arachis cardenasii whole genome shotgun sequencing.

DNA from
Tifguard, Gregory, and Arachis cardenasii (GKP10017; PI 262141) was extracted from seedling leaves using a
Qiagen DNAeasy Plant mini kit and sheared using a Covaris sonicator to obtain 550 bp insert size. Sequencing
libraries were constructed using the TruSeq Nano DNA Library Prep Kit (www.illumina.com). The libraries were
quantified using Agilent DNA 7500 kit on the Agilent 2100 Bioanalyzer. Sequencing was done on an Illumina
MiSeq to generate 17,158,796 and 20,997,465 2 × 75 bp paired-end reads for Tifguard and Gregory, respectively,
for roughly 1X coverage of the A. hypogaea genome. For A. cardenasii, a high-output run of the Illumina NextSeq
was done at the Georgia Genomics Facility (Athens, GA; dna.uga.edu) generating 338,770,378 2 × 76 paired-end
reads. Reads were checked for quality using FastQC36 and trimmed. Cleaned sequence was mapped to the A.
duranensis v1 pseudomolecule28 (peanutbase.org) as the A genome reference sequence using BWA mem with
default parameters37. Structural differences were identified by manual discovery of mapped reads where a single
continuous read was split indicating an insertion/deletion.

®

®

®

Results

Fine mapping of A. cardenasii alien introgression on A09. To map the introgression of A. cardenasii

on chromosome A09 of A. hypogaea, a novel method was employed. First SNPs were called on chromosome A09
between Tifguard and Gregory and Tifrunner transcriptome using SWEEP31. Then SNPs were called between A.
cardenasii and the A. duranensis genome as wild diploid diagnostic markers. Comparing the two sets of SNPs, any
SNPs between A. cardenasii and A. duranensis were filtered out that were present in Gregory or Tifrunner (cultivated control). The SNPs remaining were a set of 555 SNPs describing the large A09 introgression in Tifguard
ostensibly originating from A. cardenasii. The introgressed region on A09 spanned from nucleotides 3,353,028
to 113,746,808 which is 92% of the total length of chromosome A09. Figure 1 shows physical map coordinates of
the introgression in Tifguard.
The same analysis was run on RILs 46 and 48 (Fig. 1). Each line contains a unique recombination in the introgressed region. RIL 46, which is nematode-resistant like Tifguard17, harbors a small region of the A. cardenasii
introgression from 3,353,028 to 7,417,949 (Fig. 1). RIL 48 contains a much larger portion of the introgression,
from 18,524,892 to 113,746,808 (Fig. 1). There is a region of the introgression absent from these two RIL lines,
from 7,417,949 to 18,524,892. Based on phenotypic data17, the underlying molecular mechanism of the nematode
resistance is conferred by the small introgression found in RIL 46. In one step the region has been fine mapped
from 92% of the chromosome to 3.6% (4.06 Mb).
To confirm the in silico mapping, we developed and ran 14 KASP assays on Tifguard, Gregory, RIL 46, RIL 48,
and controls NemaTAM, COAN, and Georgia-02C (susceptible). All of the 14 KASP assays corroborated the in
silico mapping results (Figure S1; Table S2).

Linear model analysis for differentially expressed gene groups. Instead of conducting pairwise differential expression analyses, a linear modeling-based analysis was adopted to identify genes that are differentially
affected by genotype, treatment (nematode), and more importantly the interaction of genotype x treatment. To
find these differentially expressed genes, reads were first mapped to the reference transcriptome assembly of A.
hypogaea. This annotated set of mapped transcripts was assembled using the A. duranensis (A) and A. ipaënsis (B)
genome sequence in order to differentiate between A and B homeologous gene pairs28.
Using the Likelihood Ratio Test (LRT) in DESeq234, the effects of genotype, treatment, and genotype x treatment on differential expression of each gene were tested in three different line comparisons (Table 1).
The effect of nematode infection on gene expression. To differentiate the response to nematode
infection from the actual resistance response, clusters of genes differentially expressed by nematode infection
irrespective of genotype were examined. There were 5,595 genes differentially expressed in response to nematode infection. Three co-expression clusters (3,178 genes) were identified that describe the response to treatment (nematode infection) across genotypes, independent of resistance or susceptibility (Fig. 2a). The remaining
2,417 genes were excluded manually due to ambiguous expression patterns. Cluster I, nematode-responsive,
shows genes that are up-regulated in response to nematode infection. GO term enrichment analysis revealed an
up-regulation of genes related to the nucleolus, mRNA processing, and calcium-transporting ATPase activity.
The other two co-expression networks (clusters II and III) show a nematode-repressive response, i.e.,
down-regulation upon infection (Fig. 2a). Cluster II has 468 genes constitutively more highly expressed in
Tifguard than Gregory, although both genotypes show the same repressive expression pattern. GO term analysis indicated a clear enrichment of microtubule-based movement, protein kinase activity, lignin catabolism,
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Figure 1. Physical map representation of A. cardenasii introgression in Tifguard, Line 46, and Line 48. Physical
mapping is based on mapping of 555 SNPs diagnostic for A. cardenasii onto the A. duranensis reference
pseudomolecule A09. Distinction between Gregory and Tifguard based on SWEEP filtered parental SNPs
retained in each RIL line.

# of genes

% of expressed
genes

Treatment

5,595

21.78%

Genotype

5,371

20.91%

Genotype x
Treatment

1,739

6.77%

Genotype

3,027

11.79%

Genotype x
Treatment

3,609

14.05%

Genotype

2,549

9.93%

Genotype x
Treatment

3,204

12.48%

Comparison

Effect

Tifguard (R) vs
Gregory (S)

RIL 46 (R) vs
Gregory (S)
RIL 48 (MR) vs
Gregory (S)

Table 1. Number of differentially expressed genes for each comparison and percentage of differentially
expressed genes compared to all expressed genes in the comparison. Effects and interactions were tested using
DESeq2 LRT test.

and ATPase activity (Table S3). Cluster III, composed of 417 genes, showed Tifguard and Gregory to have equal
expression and down-regulation in response to nematode infection (Fig. 2a). GO term enrichment revealed
response to nematode, polygalacturonase activity, response to osmotic stress, and transporter activity. These nematode responsive and repressive gene clusters will provide a backdrop against which to contrast the differential
resistance and susceptibility response in Tifguard and Gregory, respectively (Table S3).

Genes differentially expressed between genotypes independent of nematode infection.

As
described above, Tifguard harbors an alien introgression from A. cardenasii that covers 92% of chromosome A09
(Fig. 1). This large introgression will have effects on gene expression unrelated to any abiotic or biotic stresses.
Introgressions have been shown to have effects on global gene expression in other crops38. It is possible that the
resistance Tifguard confers is due to a constitutive expression difference as opposed to a differential response to
the pathogen. A total of 5,371 genes are differentially expressed between Tifguard and Gregory by genotype effect,
corresponding to 20.91% of expressed genes in the comparison (Table 1). Of these, 1,848 genes could be assigned
to two clear groups where either the gene in Tifguard is constitutively more highly expressed (852 genes) or lower
expressed (996 genes) compared to Gregory (Fig. 2b).
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Figure 2. Co-expression clusters of significantly expressed genes affected by treatment and genotype. (a)
Clusters representing genes affected by treatment (nematode infection). (b) Clusters representing genes affected
by genotype. Jitter boxplots representing Z-score transformed relative expression of differentially expressed
genes in each cluster. Boxplots represent median relative expression, first quartile (bottom of box), third quartile
(top of box), and maxima. The actual spread of the data is represented by jittered dots so the relative expression
of every individual gene is represented on the plot. Uninoculated control (silver) samples and samples
inoculated with 20,000 juvenile Meloidogyne arenaria (red) and harvested at 3 days (3d) and 7 days (7d) after
inoculation.
Top enriched GO terms for the set of genes constitutively up-regulated in Tifguard include aspects of cell
proliferation encompassing mitosis, cell division, cell proliferation, microtubule-based movement, fatty acid
beta oxidation, and DNA replication initiation (Table S4). These data suggest that the roots of Tifguard may
have increased growth compared to Gregory. Mapping of these transcripts reveals an enrichment in localization
to chromosome A09 by a chi-square test (p < 0.0001; Chi sq. 177.88; df = 9). Re-analysis of GO enrichment of
the genes constitutively up-regulated in Tifguard that map to chromosome A09 reveal phosphatidylinositol-4,5
phosphatase activity, phosphatidylinositol phosphorylation, phosphatidylinositol-mediated signaling, oxylipin
biosynthesis, and linoleate 13S-lipoxygenase activity (Table S4).
Top enriched GO terms for the set of genes constitutively down-regulated in Tifguard includes response to
water deprivation, response to stress, protein dephosphorylation, protein serine/threonine phosphatase activity,
and response to salt stress (Table S4). As above, there is an enrichment of genes constitutively down-regulated in
Tifguard that map to chromosome A09 (p < 0.0001; Chi sq. 287.58; df = 9). Analysis of GO terms on these genes
Scientific Reports | 7: 1317 | DOI:10.1038/s41598-017-00971-6
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Figure 3. Genes differentially expressed affected by genotype x treatment. (a) PCA of all genes’ expression
profiles with selected G x T gene co-expression networks highlighted. Groups can be separated into genes
that respond to nematode treatment only in Tifguard (R) and those that respond only in Gregory (S).
(b) Graphing PC2 and PC3 allows separation of the 7 co-expression groups into 3 categories, susceptible
responsive, susceptible suppressed, and resistant responsive. (c) Boxplots of the expression patterns for each
group. Boxplots represent median relative expression, first quartile (bottom of box), third quartile (top of box),
and maxima. The actual spread of the data is represented by jittered dots so the relative expression of every
individual gene is represented on the plot. Uninoculated control (silver) samples and samples inoculated with
20,000 juvenile Meloidogyne arenaria (red) and harvested at 3 days (3d) or 7 days (7d) after inoculation. Group I
(141 genes); Group 2 (81 genes); Group 3 (197 genes); Group 4 (132 genes); Group 5 (184 genes); Group 6 (653
genes); Group 7 (62 genes).

does not indicate any deviation from the larger cluster (Table S4). This cluster reveals that a suite of stress-related
genes are constitutively down-regulated in Tifguard, again suggesting that the introgression has an effect on the
gene expression of the roots that is not related to response to nematode infection. It cannot be ruled out that the
resistance is due to a constitutive effect on gene expression.

Genotype x treatment effect.

There were a total of 1,739 genes differentially affected by the interaction
of genotype and treatment (nematode). To differentiate the interaction responses, genes were further classified
using self-organizing maps. Seven co-expression networks of interest were identified with expression patterns
that distinguish the resistance from susceptible reaction to nematode treatment (Fig. 3a). Principle components analysis (PCA) showed that the groups can be separated into three categories – resistance responsive
(Groups 1 and 2), susceptible responsive (Groups 3, 4, and 5), and susceptible suppressed (Groups 6, and 7)
(Fig. 3b). Groups 1 (81 genes) and 2 (140 genes) (Fig. 3c) show genes that are up-regulated in response to nematode treatment in Tifguard but not in Gregory. Group 1 additionally shows that in Gregory, these genes are
down-regulated in response to nematode treatment. Enriched GO terms for Group 1 shows a defense response,
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Figure 4. Expression heatmaps of individual differentially expressed genes from top GO enriched categories
of selected groups. Individual genes representing top enriched GO terms from genotype x treatment-affected,
differentially expressed gene clusters Group 2 (Resistant Responsive; “Defense response”), Group 3 (Susceptible
Responsive; “Super Oxide Dismutase Activity”), Group 4 (Susceptible Responsive; “Glutathione Transferase
Activity”), and Group 6 (Susceptible Suppressed; “Defense Response”). Heatmap expression is Z-score
normalized relative expression. Uninoculated control (silver) samples and samples inoculated with 20,000
juvenile Meloidogyne arenaria (red) and harvested at 3 days (3d) or 7 days (7d) after inoculation. Black boxes in
the heatmap indicate the genes are from the same family. For PTI and SOBIR1 the two genes are putative A and
B homeologous copies.

with the top enriched terms being ubiquitin ligase complex, positive regulation of cell death, kinase activity, and
cyclic nucleotide channel activity (Table S4). Enriched GO terms for Group 2 include defense response (Fig. 4)
and cyclic nucleotide channel activity, but also include three classes of acylhydrolase activity, galactolipase,
phosphatidylcholine-1-acylhydrolase, and triglyceride (TAG) lipase activity (Table S5). Acylhydrolases have been
shown to be involved in defense-mediated jasmonic acid biosynthesis39. These groups of differentially regulated
genes up-regulated in Tifguard provide evidence that the resistance may be mediated by an R-gene incompatible
reaction.
Groups 3 (197 genes), 4 (132 genes), and 5 (184 genes) show genes up regulated in susceptible Gregory in
response to nematode treatment that are unresponsive in resistant Tifguard (Fig. 3c). Group 3 shows an early
response and enriched GO terms superoxide dismutase activity (Fig. 4), glutamate metabolic process, ATP
hydrolysis coupled proton transport, and regulation of DNA replication (Table S5). Group 4 shows a late
response, being up regulated at 7 dai (Fig. 3c). Top enriched GO terms for Group 4 include spermine, and putrescine biosynthesis, cysteine biosynthesis activity, and glutathione transferase activity (Fig. 4; Table S5). Group
5 is interesting because in Gregory the genes exhibit very low expression but are up regulated in response to
nematode infection similarly at 3 and 7 dai. Top enriched GO terms for Group 5 include ribosome, translation,
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DNA-directed RNA polymerase, electron transport, and glycolysis (Table S5). In resistant Tifguard, the genes
in Group 5 are more highly expressed than in Gregory but are not responsive to nematode treatment (Fig. 3b).
Groups 6 (653 genes) and 7 (62 genes) are down regulated in response to nematode treatment in susceptible Gregory but not in resistant Tifguard (Fig. 3). GO terms include secondary cell wall biogenesis, linoleate
lipoxygenase activity and oxylipin biosynthesis, defense response, indole-3-acetic acid amino synthetase activity,
cellulose synthase, and DNA binding/transcription factor (Fig. 4). Enriched GO terms contain many components of defense response (Table S5). Group 7 genes provide an additional element. Their locations are enriched
on chromosome A09 (p < 0.0001; Chi sq. = 97.36; df = 19). Top enriched GO terms for Group 7 include auxin
homeostasis, response to auxin, and camalexin biosynthesis (Table S5).

RIL 46 genotype x treatment effect.

If the data are analyzed using RIL 46 as the resistant genotype, the
response to nematode invasion can only be delineated relative to the major resistance located within the 4 Mb
alien introgression. The phenotypic outcome of RIL 46 is the same as Tifguard, near immunity, but the genetic
response is slightly different because RIL 46 only contains three percent of the A. cardenasii introgression (Fig. 1).
There were 3,609 genes determined to be differentially expressed by genotype x treatment between RIL 46 and
Gregory (Table 1). Of those, 818 genes are in common with Tifguard. Comparison of estimates of log2 (fold
change) between Tifguard and Gregory and RIL 46 and Gregory shows strong correlation between Tifguard and
RIL 46, indicating that this genetic response can be attributed to the shared 4 Mb A. cardenasii introgression on
chromosome A09 (Figure S2; R-squared = 0.91; p < 0.001). Clustering those 818 genes reveals three main groups
of interest (Figure S3). Group I (143 genes) consists of genes that are upregulated in response to nematode treatment (especially at 7 dai) in RIL 46 that are down regulated in Gregory (Figure S3A). Top enriched GO terms
for Group I include ADP and ATP binding, defense response, signal transduction, and protein serine/threonine
protein kinase activity, providing evidence that the genetic response of 46 and Tifguard to nematode treatment
that differentiates them from susceptible Gregory is an R gene-mediated defense response (Table S6).

RIL 48 genotype effect.

RIL 48 exhibits a moderate, quantitative resistance phenotype in response to M.
arenaria, and carries a large region of the A cardenasii introgression that is non-overlapping with the 4 Mb region
in RIL 46 (Fig. 1). RIL 48 presents an opportunity to explore the possible moderate resistance QTL40 and contrast
the genetic response with the major resistance in RIL 46.
The genotype comparison between RIL 48 and susceptible Gregory yields 3,027 differentially expressed genes
(Table 1). Of those, 1,027 are in common with the Tifguard comparison with Gregory. If compared to the RIL
46 comparison with Gregory, of the 1,027 genes, 628 are uniquely differentially expressed between RIL 48 and
Tifguard. These genes potentially tell the story of the moderate resistance. Analysis with the Tifguard comparison
with genotype shows that the fold change estimates are correlated (Figure S4; R-squared = 0.591; p < 0.001). The
moderate resistance in RIL 48 is potentially conferred by a constitutive difference in expression compared with
Gregory since no genes were significantly upregulated in response to nematode treatment in RIL 48 compared
with Gregory in the genotype x treatment interaction analysis (data not shown). This difference allows RIL 48 to
avoid severe consequences of nematode infection while lacking a strong incompatible reaction like RIL 46 and
Tifguard. Further, this constitutive difference will be shared with Tifguard because it is controlled genetically by
the 95 Mb alien introgression that Tifguard and RIL 48 share.
The 628 genes have two dominant expression patterns, either constitutively more highly expressed in RIL 48
or constitutively more highly expressed in Gregory (Fig. 5). There are 256 genes constitutively up regulated in
RIL 48 (Fig. 5a). Of the 256 genes, 38% (96 genes) map to chromosome A09 (38) or B09 (58) which is a significant enrichment based on the chi-square test (p < 0.001; chi sq. = 248.229; df = 19). Of those genes mapping to
chromosome A09, none maps to the 4 Mb region of the alien introgression retained in RIL 46. This combined
with the observation that these genes are not differentially expressed in RIL 46 compared to Gregory suggests that
the differential expression of these genes seen in RIL 48 can be attributed to the A. cardenasii introgression this
line retains. Top enriched GO terms for this group of genes shows enrichment of phosphatidylinositol-mediated
signaling with GO terms phosphatidylinositol dephosphorylation, and phosphatidylinositol-3,4,5-trisphosphate
3-phosphatase activity (Table S7). The phosphatidylinositol pathway has been shown to be important for defense
response41, 42, and mutants in this pathway can compromise hypersensitive response-mediated defense and have
a weaker basal defense response to elicitors43, 44.
The other set of 175 genes are constitutively over-expressed in Gregory relative to Line 48 (Fig. 5b). Of the
175 genes, 89 (51%) map to chromosome A09 which is also highly significantly enriched by a chi-square test
(p < 0.0001; chi sq. = 793.8; df = 19). Again, not one of these genes maps within the 4 Mb introgression present in RIL 46. Top enriched GO terms for this group include oxylipin biosynthesis, linoleate 13S-lipoxygenase
activity, and lipid modification. Interestingly, there are genes within this group that are important for defense
response, including a putative ortholog of ENHANCED DISEASE RESISTANCE1 (EDR1) which negatively regulates defense response, a putative ortholog of WRKY40, and a putative TMV resistance protein N.

Novel genes in Tifguard and identification of a candidate gene for resistance. Tifguard contains

an introgression from A. cardenasii, therefore it is possible that there are novel expressed transcripts in Tifguard.
To investigate this, a de novo assembly strategy was used to assemble all Tifguard-specific transcripts, and the
assembly was tested to ensure that no reads from Gregory mapped to these transcripts. Finally, only putative novel
transcripts from Tifguard that mapped to chromosome A09 were considered, of which 63 were identified. Of the
63, only seven mapped to the region shown to contain the high level of resistance and three were annotated as disease resistance genes. Only one of the three had no hit in the A. hypogaea reference transcript set (ncbi.nlm.nih.
gov; PRJNA291488). Although the other two cannot be ruled out as candidates, they are present in A. hypogaea
transcriptome assemblies and so are less likely candidates. This candidate transcript is not highly expressed in
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Figure 5. Differentially expressed genes affected by genotype between RIL 48 (MR) and Gregory (S). (a)
Genes constitutively more highly expressed in line 48 compared to Gregory and (b) genes constitutively lower
expressed in line 48 compared to Gregory. Boxplots represent median relative expression, first quartile (bottom
of box), third quartile (top of box), and maxima. The actual spread of the data is represented by jittered dots so
the relative expression of every individual gene is represented on the plot. Uninoculated control (silver) samples
and samples inoculated with 20,000 juvenile Meloidogyne arenaria (red) and harvested at 3 days (3d) or 7 days
(7d) after inoculation.

Tifguard, but is constitutively expressed at a low level. Using RT-PCR, we confirmed that this gene was expressed
in Tifguard and RIL 46, but not in Gregory or RIL 48 (Figure S5), validating the RNA-seq results. Furthermore,
this gene was not expressed in 22 different tissues of A. hypogaea cv. Tifrunner, which is also susceptible to nematodes (peanutbase.org; Figure S6), suggesting it to be a candidate gene for resistance.
To further investigate this candidate resistance gene, shotgun re-sequencing of Tifguard and Gregory was
carried out. Using the diploid A. duranensis chromosome A09 pseudomolecule as a reference, two insertions/
deletions (indels) were discovered between the A. cardenasii lineage in Tifguard and the A. duranensis lineage
in Gregory for the candidate R gene along with 34 exonic SNPs (Figure S7). The first intron of Gregory contains
a retrotransposon insertion that could be affecting transcription. Further, there is a 94 bp indel in exon 4, which
corresponds to the LRR domain. Both of these structural variations were confirmed by PCR and Sanger sequencing (Figure S8). No structural variation in the promoter region of the candidate gene was detected, although SNPs
are present. This candidate gene will be investigated further for its role in nematode resistance in A. hypogaea.

Discussion

Gene regulation in compatible reactions. Extensive host plant gene regulation has been reported upon
nematode infection45. In a compatible reaction, root-knot nematodes evade and suppress the host native immune
response mediated by the recognition of pathogen-associated-molecular patterns (PAMPs) and initiate feeding
sites to shunt plant metabolites for support of growth and reproduction. Well-developed giant cells associated
with swollen J2 nematodes were observed seven days after inoculation (DAI) in susceptible peanuts10, 46. In an
incompatible reaction, similar numbers of J2s were observed in the roots of A. cardenasii at 7 DAI yet no giant
cells were formed, none of the J2s were able to develop further, and a hypersensitive reaction characterized by
host cell necrosis surrounding J2s was reported10. TxAG-611, the tetraploid interspecific predecessor of Tifguard,
inherited the near immunity to root-knot nematode from A. cardenasii, yet no host cell necrosis was observed at
56 days post inoculation46.
Since the M. arenaria J2s are able to invade roots of both resistant and susceptible peanut cultivars, common
host responses between the two types plus unique response of a susceptible genotype to nematode infection characterize the compatible reactions to nematode invasion. A total of 2,568 genes responsive to nematode infection
as a consequence of compatible reaction were clustered in the current study (Figs 2a and 3c groups 3–7). GO
terms related to compatible reaction across the clusters were compiled and a subset with a clear function category
is discussed below (Table S8).
In the plant hormone category, genes involved in auxin homeostasis and auxin signaling pathway are mostly
down regulated in both Tifguard and Gregory except for a subset of genes in the auxin homeostasis pathway
which was up-regulated in Gregory and had no change in Tifguard. Nematodes have been known to hijack
the host plant hormonal signaling pathways to establish a feeding site45, 47. Auxin regulates plant cell cycle and
organogenesis and is responsive to developmental and external cues47. Increased auxin transport and accumulation at the feeding site of root-knot nematode was reported in white clover48. Nematode infection was found to
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alter expression of PIN auxin transporters resulting in the redistribution of auxin to the cells surrounding feeding
sites47. Differentially regulated auxin-related genes were reported in the root tips of nematode infected tomato21.
Abscisic acid (ABA) synthesis was down regulated whereas ABA transport was up-regulated in Gregory. Jasmonic
acid (JA) and ethylene (ET) mediated signaling pathways were down regulated in Gregory. JA and ET are phytohormones known to be the key players in plant defense against pathogens49. JA and ET signaling pathways are
responsive to mechanical wounding and herbivore predation. ABA has been shown to counteract the defense
signals regulated by JA and ET and promote host susceptibility to pathogens50, 51. Suppression of JA/ET dependent
pathway associated genes were identified in root-knot nematode infected Arabidopsis20. Therefore down regulation of JA/ET signaling pathways in Gregory possibly promotes nematode susceptibility.
In the defense category, biological pathways regulated similarly between Gregory and Tifguard include isoflavonoids, ceramide metabolic pathways and general defense response. Isoflavonoid phytoalexins had been
shown to be part of host defense against nematodes in alfalfa52 but did not play a role in feeding site formation53.
Ceramide, a bio-reactive sphingolipid, is extensively involved in programed cell death54. In this experiment, both
ceramidase and ceramide catabolic process were down regulated which possibly resulted in accumulation of
ceramide. Environmental stress has been shown to increase plant ceramide levels55. Common response between
the resistant and susceptible cultivars suggests that these defense components could be regulated by mechanical
wounding caused by the migration of nematodes through the roots. Camelexin biosynthesis was down regulated
only in Gregory and showed no change in Tifguard upon nematode challenge. Camalexin is a well-known antimicrobial compound. An Arabidopsis mutant line with impaired camalexin synthesis supported significantly
more gall production than the wild type56. In the cell signaling category, phosphoinositide synthesis and degradation were modulated similarly between Gregory and Tifguard upon nematode invasion. It has been shown that
phosphoinositides are critical plant defense components participating in salicylic acid (SA) mediated defense41,
42
. Stress can induced dynamic changes of phosphoinositide levels and endomembrane rearrangement57. On the
other hand, up-regulation of glutamate metabolism and down regulation of oxylipin biosynthesis and linoleate
13S-lipoxygenase activity were specific to Gregory. Glutamate metabolism has been shown to be exploited by
pathogens to facilitate infection58. Oxylipins are oxidative derivatives of unsaturated fatty acids that often elevate in production upon pathogen challenge59. They act as signal molecules or provide protective compounds
regulated by the JA signaling pathway. Suppression of JA signaling and down regulation of oxylipin synthesis
facilitated nematode susceptibility in Gregory.
Root-knot nematode infection causes significant host gene regulation related to cell wall modification and
cytoskeleton responses in susceptible plants. At the early stages of infection, M. arenaria alters the cell cycle of
vascular parenchyma cells with multiple mitoses skipping cytokinesis resulting in giant cells with more than
100 nuclei60, 61. Surrounding cells of the enlarged giant cells proliferate to form galls60, 61. Cell wall ingrowth near
xylem and cytoskeleton fragmentation are involved in the formation of these feeding cells of nematodes60, 61. In
both peanut genotypes, cell wall modification involved in abscission, cellulose synthesis, lignin and pectin catabolic processes were down regulated whereas endo-β-D-glucanase (EGase) activity was up regulated. Cell wall
pectin synthesis was up regulated in Gregory specifically. Cellulose forms the cross-linked microfibril which is
the main component of primary plant cell walls. Pectin matrix is embedded in the cell wall microfibril network
providing wall porosity. Lignins are cross-linked phenolic polymers functioning as the main components of secondary cell walls62. Nematodes are known to regulate cell wall biosynthesis and degradation pathways to achieve
extensive cell wall architectural modification60. EGases hydrolyze the outermost layer of non-crystalline cellulose
of the cell wall. Up-regulated EGase expression was reported in the nematode-infected susceptible peanut cultivar Florunner18 and tobacco suggesting its roles in loosening the cell wall for the formation of nematode feeding
sites60, 63. Pectate lyases and the cellulose synthase gene family previously were shown to be up regulated in either
giant cells or gall tissues64. However in our study, both pectate lyase and cellulose synthase were down regulated.
The discrepancy may have been caused by differences in tissue types under study. Whole root tissue was sampled
in this study whereas giant cells or gall tissues were sampled in the previous study64. As for biological pathways
involved in cytoskeleton metabolism, actin filament assembly and microtubule complex formation were down
regulated in both genotypes. Random and diffuse actin filaments and microtubules were reported in giant cells
formed by nematodes61. Stabilization of the microtubular cytoskeleton prevented feeding site formation whereas
elevated expression of actin depolymerizing factors (ADF) promoted it61, 65. Therefore, the down regulation of
actin- and microtubule-associated pathways detected in this study may be associated with the initiation of feeding sites. Since both resistant and susceptible genotypes responded similarly in these pathways, the most critical
biological process sustaining successful feeding site formation lies beyond these pathways under discussion.

Gene regulation in the incompatible reaction. A set of defense responsive genes in the categories of
plant hormones, defense and cell signaling were up regulated in Tifguard and were either down regulated or
unchanged in Gregory (Table S9 incompatible). Enhanced negative regulation of ABA biosynthetic process in
Tifguard suggests lower accumulation of ABA. It was previously shown that application of ABA antagonized
the basal defense system signaled by SA/JA/ET and increased susceptibility to migratory nematodes in rice66.
Suppression of ABA synthesis in Tifguard possibly plays a role in preventing the establishment of feeding sites.
In the defense category, biological pathways involved in defense responses, clathrin-coated vesicles, protein
ubiquitination, mucilage, tyrosine and serine/threonine kinase metabolism were up regulated. Clathrin-coated
vesicles form at plasma membranes upon recognition and packaging of specific cargoes for endocytosis67. This
process is known to be involved in plant defense against bacteria and fungi68. As a part of pathogen-associated
molecular pattern (PAMP)-mediated defense, ubiquitination of bacteria flagillin receptor FLS2 through ubiquitin ligase provided signals for toxin endocytosis and degradation69. Up-regulation of both ubiquitination and
clathrin-coated vesicle assembly could be implicated in the defense response of Tifguard, suggesting that nematode effector proteins are sequestered in Tifguard through this clathrin-coated vesicle pathway. Both tyrosine and
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serine-threonine kinases are involved in plant development and disease resistance. They participate in the signal
relay of PAMP-regulated plant defense through mitogen-activated protein kinase (MAPK) cascades70, 71. Mucilage
can be produced by root border cells and presented as a polysaccharide layer72. Protective effects of mucilage layer
against bacterial infection73 was reported previously. Overproduction of mucilage inside the root xylem causes
blockage of parasite supply channels; this was identified as the defense mechanism against broomrape in vetch
(Vicia spp.)74. Increased mucilage metabolic pathways in Tifguard could contribute to the prevention of nematode
feeding site formation. Positive regulation of several pathways related to defense response and cell death suggest
that a hypersensitive response could be involved in the incompatible reaction.
In the cell signaling category, up regulation of phosphatidylcholine metabolism, phosphoinositol binding and
phospholipase D activity in Tifguard suggests the strong resistance to nematode is possibly orchestrated through
the dynamic membrane lipid metabolism and signaling. Phosphatidylinositol bisphosphate (PIP2) regulates
phospholipase D (PLD) hydrolysis of phosphatidylcholine, phosphatidylethanolamine and phosphatidylglycerol
to produce stress responsive second messenger phosphatidic acid (PA)75. PLD and PA have wide implications in
hormonal signaling and plant defense response against pathogen invasion76. Subsequent modification of cytoskeleton and microtubule structure by PLD and PA may facilitate clathrin-coated vesicle trafficking for pathogen elicitor degradation. Cyclic nucleotides were found to regulate plant defense response downstream of nitric oxide77,
78
. Cyclic nucleotide-gated ion channels are the receptors of cyclic nucleotides that modulate Ca2+ influxes in
response to pathogen invasion. Up regulation of both cyclic nucleotide binding and cyclic nucleotide-gated cation
channel activity in Tifguard implies a function in nematode resistance.

Comparison of responsive pathways from RIL 46 and 48.

The recombinant lines RIL 46 and RIL
48 carry 3.6% or 83.5% of chromosome A09 introgressed from A. cardenasii. It is therefore expected that the
expression profile of RIL46 and RIL 48 would share similarity to Tifguard. Comparing the constitutively more
highly expressed genes in RIL 48 and Tifguard using Gregory as a check, 57 out of 136 GO terms (Figs 2b and 5a
left panel) co-occurred and 89% of them mapped to chromosome A09. A few members of the phospholipid signaling pathway are in this group suggesting their potential defense role41 to maintain the intermediate resistance
encoded by the introgressed region. As for the constitutively lower expressed genes compared to Gregory, 13 out
of 86 GO terms (Figs 2b and 5b right panel) were in common between RIL 48 and Tifguard. Seven GO terms
(54%) were mapped to chromosome A09. Decreased mitochondrial transport and glucose metabolic process in
this cluster could be the consequence of intermediate resistance response directed by chromosome A09.

Discovery of a candidate resistance gene. Cultivated peanut (A. hypogaea) is an allotetraploid with
two sets of homeologous subgenomes AABB. Two wild diploid species A. duranensis (A genome) and A. ipaënsis
(B genome) were the progenitors and gave rise to allotetraploid peanut through interspecific hybridization and
natural polyploidization78. Both subgenomes share greater than 98% sequence similarity to cultivated peanut and
their genome sequences are publically available28 (peanutbase.org). The introgressed nematode resistance region
in Tifguard came from another A-genome diploid species A. cardenasii. Since the cultivated peanut genome
sequence is not available, SNP calling between A. cardenasii and A. duranensis on chromosome A09 provided
diagnostic markers for the A. cardenasii introgression. Further subtraction of common SNPs shared with susceptible peanut cultivars allowed for accurate delineation of the introgressed region in Tifguard which spans 92% of
the A09 chromosome (Fig. 1). Strongly resistant RIL 46 possesses only 4.06 Mb (3.6%) of the introgressed region
suggesting that dominant gene(s) conditioning nematode resistance reside in this small introgressed region. RIL
48 has 83.5% of the introgressed region and exhibits moderate resistance suggesting that this region may condition nematode resistance quantitatively. This method of comparative physical mapping of differentially expressed
genes is highly useful for traits demonstrating severely suppressed recombination.
De novo assembly of Tifguard specific transcripts led to the discovery of a candidate resistance gene residing in the small introgressed region of RIL 46. The Toll/Interleukin 1 Receptor (TIR)-Nucleotide Binding
Site (NBS)-Leucine Rich-Repeat (LRR) domain is characteristic of an R-gene mediating immune response in
plant-pathogen interactions79. The C-terminal LRR domain involved in protein-protein interaction which could
potentially recognize effector proteins released by the nematode pathogen. The presence of a NBS domain suggests that the candidate R gene activity may require ATP binding or hydrolysis80. The N terminal TIR domain
could initiate downstream signaling for defense responses81. There are two classes of plant R genes possessing the
NBS-LRR domain. The first class encodes the N-terminal TIR-NBS-LRR domain such as the candidate gene of
our interest and previously identified nematode resistance genes Gro1-4 in potato82 and Ma in plum6. Our candidate R gene shared 31% sequence similarity with these previously published resistance genes (Figure S9). Both
TIR and kinase domains are highly conserved whereas the LRR region is more variable in the candidate R gene
compared to the published resistance genes. The second class has a N-terminal coil-coil (CC) –NBS-LRR domain
such as nematode resistance genes Mi-1.2, Mi-9, and Hero in tomato5, 83, 84. It has been proposed that binding of
pathogen effectors to the LLR domain promotes the exchange of ADP to ATP binding of the NBS domain and
subsequent signal transduction for defense response85. The lack of expression of this candidate gene in susceptible
peanut cultivar Gregory (Figure S5) and moderately resistant line RIL 48 (Figure S5) and its constitutive expression in resistant lines Tifguard and RIL 46 (Figure S5) warrants further functional investigation. Genome editing
of the candidate gene is currently in progress.
From R-gene expression and stress responsive genes in Tifguard, a model of the resistance mechanism is
proposed. Binding of nematode effectors to the LRR domain of the nematode resistance candidate gene induces
conformational changes in the NBS and promotes protein/protein interaction or oligomerization of NBS-LRR
proteins. This process could trigger the effector-induced-immune response in Tifguard. Initially, suppression of
ABA production and up-regulation of tyrosine, serine-threonine kinases activity may enhance PAMP induced
basal immune response. Secondly, activation of ubiquitination may initiate clathrin-coated vesicle formation
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by labeling nematode effectors with ubiquitin subunits. Regulation of PLD/PA signaling pathways may prepare
the necessary modification of cytoskeleton and microtubule architecture to facilitate endocytosis, intracellular
trafficking and degradation of nematode effectors. Thirdly, increased mucilage production may hinder nematode
feeding site formation.

Conclusion

This study has provided new mechanistic insight into a major source of root-knot nematode resistance in peanut.
Physical mapping of diagnostic SNPs and genetic information from recombinant lines delineated the introgressed
region controlling resistance to a 4 Mb region. RNA-seq analysis provided insight into the genetic interaction
between host and nematode in the compatible and incompatible context. Finally, the combined RNA-seq analysis
and physical mapping led to the identification of a strong candidate gene for nematode resistance.
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