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Abstract
Introduction Black pepper (Piper nigrum L.) is a non-model spice crop of significant agricultural and biological 
importance. The ‘quick wilt’ disease caused by the oomycete Phytophthora capsici is a major threat, leading to 
substantial crop loss. The molecular mechanisms governing the plant immune responses to this pathogen remain 
unclear. This study employs RNA sequencing and transcriptome analysis to explore the defense mechanisms of P. 
nigrum against P. capsici.

Results Two-month-old P. nigrum plantlets were subjected to infection with P. capsici, and leaf samples were 
collected at 6- and 12-hours post-inoculation. RNA was extracted, sequenced, and the resulting data were processed 
and assembled. Differential gene expression analysis was conducted to identify genes responding to the infection. 
Additionally, the study investigated the involvement of Salicylic acid (SA), Jasmonic acid (JA), and Ethylene (ET) 
signalling pathways. Our transcriptome assembly comprised 64,667 transcripts with 96.7% completeness, providing 
valuable insights into the P. nigrum transcriptome. Annotation of these transcripts identified functional categories and 
domains, provided details on molecular processes. Gene expression analysis identified 4,714 transcripts at 6 h post-
infection (hpi) and 9,416 at 12 hpi as differentially expressed, revealing dynamic regulation of immune-related genes. 
Furthermore, the study investigated key genes involved in biosynthesis pathways of Salicylic acid, Jasmonic acid, and 
Ethylene signalling. Notably, we found differential regulation of critical genes associated with these pathways while 
comparing data before and after infection, thereby shedding light on their roles in defense mechanism in P. nigrum 
defense.

Conclusions This comprehensive transcriptome analysis of P. nigrum response to P. capsici attack provides valuable 
insights into the plant defense mechanisms. The dynamic regulation of innate immunity and the involvement of 
key signalling pathways highlight the complexity of the plant-pathogen interaction. This study contributes to our 
understanding of plant immunity and offers potential strategies for enhancing P. nigrum resistance to this harmful 
pathogen.
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Introduction
Piper nigrum L., commonly known as black pepper, is 
a significant spice crop both in terms of agronomy and 
biology, despite not being a model plant species. One of 
the primary challenges faced in P. nigrum cultivation is 
the occurrence of ‘quick wilt,’ a disease caused by a com-
patible interaction with the hemibiotrophic oomycete, 
Phytophthora capsici [1]. This pathogen alone is responsi-
ble for causing over 30% of vine mortality and crop losses 
in P. nigrum [2]. The molecular mechanisms underlying 
Pattern-Triggered Immunity (PTI) or Effector-Triggered 
Immunity (ETI) responses in P. nigrum have remained 
largely undiscovered [3].

The significance of Salicylic acid (SA), Jasmonic acid 
(JA), and Ethylene (ET) in plant defense mechanisms is 
well-established and essential for a plant ability to com-
bat pathogens and adapt to environmental challenges. SA 
serves as a crucial signalling molecule in defense against 
biotrophic pathogens, inducing the expression of patho-
genesis-related (PR) genes that lead to the production 
of antimicrobial compounds [4]. In contrast, JA and its 
associated pathway primarily defend against necrotro-
phic pathogens and herbivores by triggering the synthesis 
of protease inhibitors, defensive proteins, and secondary 
metabolites [5]. Ethylene, often working synergistically 
with JA, plays a broad role in defense responses, includ-
ing the regulation of senescence, cell wall modification, 
and the induction of defense-related genes [6]. The intri-
cate crosstalk between these signalling pathways allows 
plants to fine-tune their responses to specific threats and 
environmental conditions, ultimately enhancing their 
ability to withstand diverse challenges.

Understanding the molecular basis of compatible 
interactions between plants and pathogenic oomyce-
tes remains a significant challenge in the study of plant-
pathogen interactions [7]. RNA sequencing combined 
with de novo transcriptome assembly has been success-
fully applied to non-model plants, including P. nigrum, 
for molecular insights [3, 8]. Our previous work pro-
vided valuable molecular insights into P. nigrum defense 
responses against P. capsici, demonstrating the hemibio-
trophic early pathogenicity and the host susceptibility 
within 24 h post-infection [9]. This led us to hypothesize 
that innate immunity might be a crucial mechanism 
manipulated by P. capsici, facilitating its early compatible 
interaction with P. nigrum. To explore the role of innate 
immunity, we conducted an extensive study involving 
comparative foliar transcriptomics of P. nigrum during P. 
capsici infection.

This study presents a comprehensive analysis of P. 
nigrum transcriptome data and identifies critical immune 
components involved in disease resistance against vari-
ous pathogens. Comparative transcriptome analysis 
of P. nigrum leaves from control and infected samples 
revealed several differentially expressed genes. Our find-
ings highlight the conservation of molecular immune 
components in P. nigrum and demonstrating dynamic 
regulation in response to P. capsici challenge. Addition-
ally, we report the identification, in silico analysis and 
differential expression analysis of transcripts to provide 
further insights into the molecular changes accompany-
ing the hemi-biotrophic pathogenicity of P. capsici in P. 
nigrum. The findings of this study can be developed fur-
ther for application in protecting P. nigrum by ‘priming’ 
which we have established as a potential crop protection 
strategy in this spice crop [10].

Results and discussion
In this study, we used the Panniyur I variety of P. nigrum, 
which is known to be susceptible to P. capsici. This culti-
var is a widely grown variety and is relevant for exploring 
defense strategies such as defense priming. Our protocols 
were optimized using this variety to ensure consistency 
and applicability of the findings. P. capsici is a biotro-
phic pathogen that initiates infection and begins to show 
microscopically visible growth on the infected tissue by 
6 hpi. The infection progresses with hyphal proliferation, 
and by 24 hpi, clear signs of necrosis in host tissue are 
visible, indicating a transition to the necrotrophic phase 
of the pathogen lifestyle. We selected 6 and 12 hpi to 
represent the biotrophic phase and the early stage of the 
necrotrophic phase, respectively. The later time point of 
24 hpi was avoided for transcript analysis as the signifi-
cant host cell death and necrosis at this stage could inter-
fere with sensitive assays, such as HR, ROS generation, 
and fluorescence assays.

De novo assembly and quality assessment of P. nigrum 
transcriptome
To investigate the molecular elements involved in immu-
nity within P. nigrum, our study focused to establish a 
comparative transcriptome dataset with differentially 
expressed genes. This was accomplished by utilizing 
RNA-seq data acquired from leaves that were exposed to 
P. capsici. Our preliminary data analysis resulted in the 
generation of approximately 216 million paired end reads 
(Additional File 1). After initial pre-processing steps, we 
obtained high-quality data, with over 87% of the bases 
exhibiting an average base quality Q > 30 and a mean GC 
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content of 43.81%. By utilizing a high-quality genome 
of P. nigrum as guidance, we generated a transcriptome 
assembly that comprised a total of 64,667 transcripts 
(Table  1). The transcript assembly exhibited a percent 
GC content of 44.04, and an N50 value of 2507 was 
observed, indicating the contiguity of the assembly. The 
cumulative length of the assembly was 129.43  Mb, with 
50,696 contigs surpassing a length of 1000 base pairs. The 
largest contig identified in the assembly measured 27,925 
base pairs. Notably, 84% of the reads were successfully 
mapped back to the assembly, indicating the comprehen-
sive nature and accuracy of the transcriptome assembly. 
The assembly was further tested for completeness using 
BUSCO against Viridiplantae database and found a good 
96.7% completeness for the transcripts.

Functional annotation of P. nigrum transcriptome
The transcriptome assembly of P. nigrum predicted 
74,607 ORFs (unigenes) using TransDecoder program. 
We performed comprehensive homology searches 
against the Uniprot-Viridiplantae database for both 
transcripts and unigenes to functionally annotate the 
transcriptome. We used programs such as BLASTP for 
unigenes and BLASTX for transcripts, and 86.02% and 
69.71% of them were effectively annotated, respectively. 
Notably, majority of these homologues had been found 
in cinnamon and lotus species, providing further insight 
into potential evolutionary relationships.

The functional analysis of the homologues provided 
insights into the diverse roles of the identified proteins. 
We observed an abundance protein kinase domain-con-
taining, ubiquitin-related, and pentatricopeptide repeat 
(PPR) proteins. Protein kinases are critical in signal 
transduction pathways, including those involved in stress 

and immune responses. Their prevalence in our dataset 
highlights the potential importance of phosphorylation 
events in regulating the immune response to P. capsici. 
Ubiquitin-related proteins are involved in the ubiquiti-
nation process, which tags proteins for degradation or 
modification, thus playing a role in regulating protein 
turnover and cellular responses to stress. The presence 
of these proteins suggests that ubiquitin-mediated pro-
cesses are significant in modulating the plant response 
to pathogen attack. PPR proteins, which are involved in 
RNA processing and regulation, were also notably abun-
dant. These proteins play roles in post-transcriptional 
regulation, which is crucial for fine-tuning gene expres-
sion in response to environmental stimuli. The high num-
ber of PPR proteins may reflect the need for tight control 
over gene expression during infection. Among the anno-
tated proteins, we found a substantial presence of RNA-
binding proteins, such as those containing the RNA 
Recognition Motif (RRM). RNA-binding proteins are 
essential for various aspects of RNA metabolism, includ-
ing splicing, stabilization, and transport. Their abundance 
suggests a significant role in regulating gene expression 
and processing of transcripts in response to pathogen 
infection. We also identified several disease resistance 
proteins, including those with Leucine-Rich Repeat 
(LRR) domains. These proteins are known for their role 
in recognizing pathogen-derived molecules and initiating 
defense responses. The presence of LRR domain-contain-
ing proteins indicates that P. nigrum employs these recep-
tors as part of its immune system to detect and respond 
to pathogen presence. Furthermore, we used HMMS-
can to predict domains against the Pfam database, and 
79.89% of the unigenes were allocated domains. PPR and 
LRR domains were found to be particularly prevalent, 
providing vital insights into the molecular machinery of 
the P. nigrum transcriptome. The identification of PPR 
domains aligns with our earlier observations and under-
scores the importance of RNA regulation in the immune 
response. The abundance of LRR domains further sup-
ports the hypothesis that P. nigrum relies on receptor-like 
proteins to detect and respond to pathogen challenges. 
MSTRG.20872.1 (Pentatricopeptide repeat containing 
protein) with PPR domains and MSTRG.13016.1 (Dis-
ease resistance protein) with LRR domains were the most 
abundant transcripts after infection. The upregulation of 
these transcripts during infection highlights their poten-
tial importance in the plant defense mechanism. The 
PPR-containing protein might play a role in regulating 
the expression of genes involved in stress response, while 
the LRR-containing protein could function as a pathogen 
receptor, initiating defense signaling pathways.

Table 1 Reference based transcriptome assembly statistics of P. 
Nigrum. The percentage value of BUSCO completeness shown 
in C: complete; S: complete and single-copy; D: complete and 
duplicated; F: fragmented; M: missing; N: number of genes
Assembly statistics
Transcripts
Number of sequences 64,667
Total length 129,429,265 bp
Longest sequence 27,925 bp
Shortest sequence 200 bp
N50 2507 bp
GC content 44.40%
BUSCO (N:425) C:96.7% [S:32.7%, D:64.0%], F:0.7%, M:2.6%
Unigenes
Number of sequences 74,607
Total length 25,127,195 aa
Longest sequence 5371 aa
Shortest sequence 86 aa
BUSCO (N:425) C:87.8% [S:44.7%, D:43.1%], F:8.9%, M:3.3%
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Comparative transcriptomics reveals the differentially 
expressed genes
To elucidate the transcriptional changes related to innate 
immunity in P. nigrum during the early biotrophic colo-
nization of P. capsici, we performed a comparative tran-
scriptomics approach that generated differential gene 
expression between control and infected samples, namely 
P. capsici infection, sampled after 6 hpi and 12 hpi. An 
analysis using edgeR, representing the logarithmic fold 
changes as a function of the mean of normalized counts 
revealed differentially expressed genes (DEGs). We found 
a total of 4,714 transcripts at 6 hpi and 9,416 transcripts 
at 12 hpi that showed significant differential expression 
compared to the control. These transcripts exhibited 
a log2 fold change of ± 1.5 in the TPM expression level 
and were statistically significant (FDR < 0.05). Among 
these DEGs, we observed 2,434 upregulated transcripts 
and 1,740 downregulated transcripts at 6 hpi respec-
tively. At 12 hpi, there were 4,348 upregulated transcripts 
and 5,068 downregulated transcripts respectively. These 
DEGs likely represent the innate immune signature com-
ponents of P. nigrum, indicating their involvement in per-
ceiving and activating defense responses against P. capsici 
early in the infection process. Further, the hierarchical 
clustering of the DEGs across these conditions, along 
with the Volcano plots generated from edgeR analysis, 
clearly distinguished the coherence between the infected 
conditions (Fig. 1A and B).

We analysed 15 top upregulated and downregulated 
transcripts from the differential expression analysis of 
control and infected (6 hpi and 12 hpi) samples (Fig. 1C 
and D, Additional File 2). We observed a significant 
upregulation of several methyltransferase genes in the 
infected samples, indicating their potential involvement 
in the response to the infection. Methylation is known 
to affect gene silencing and transcriptional regulation, 
which may be crucial in modulating the plant defense 
mechanisms [11]. Additionally, within the top upregu-
lated transcripts, we identified several genes associated 
with defense responses, including a leaf rust resistance 
gene, an auxin response gene, and an amine oxidase gene. 
The leaf rust resistance gene may provide cross-reactiv-
ity in defense mechanisms, while auxin response genes 
are involved in regulating growth and stress responses. 
Amine oxidases are known to participate in the oxidative 
burst and pathogen defense [12, 13]. Conversely, among 
the downregulated transcripts, we observed the suppres-
sion of genes such as bHLH transcription factors, genes 
related to photosystem functions, and genes associated 
with cell wall processes. bHLH factors are involved in 
various cellular processes, including the regulation of 
gene expression in response to environmental stimuli. 
During pathogen attack, plants often redirect energy and 
resources towards defense and repair processes, leading 

to reduced photosynthetic activity and alterations in cell 
wall composition [14, 15]. These downregulated genes 
may indicate a downscaling of certain cellular processes 
during the infection.

Our Gene Ontology (GO) term enrichment analy-
sis for both upregulated and downregulated genes at 6 
and 12 hpi provided insights into the functional differ-
ences in the plant response to pathogen attack. The top 
20 GO terms across three categories biological process, 
molecular function, and cellular component were exam-
ined (Additional File 3). We observed that upregulated 
genes at both 6 hpi and 12 hpi were predominantly asso-
ciated with metabolic processes and catalytic activities. 
This suggests that the plant mounts a robust metabolic 
response early and maintains this response as the infec-
tion progresses, likely to fuel the energy-intensive pro-
cesses involved in defense. Conversely, downregulated 
genes at both time points were primarily linked to cellu-
lar processes and DNA-binding activities. The suppres-
sion of these functions may reflect a strategic reallocation 
of resources, prioritizing defense mechanisms over regu-
lar cellular maintenance and growth.

Analysis on key hormone signalling pathways in defense 
response
Plants employ a complex defense mechanism to resist 
pathogenic agents. The SA, JA and ET mediated signal-
ling pathways are recognized as an essential components 
of plant immune responses against pathogens. These sig-
nalling molecules play crucial roles in regulating plant 
defense pathways, enabling appropriate responses to var-
ious types of pathogens. SA initiates early defense-related 
gene expression in pathogen-infected plants, while JA 
induces late defense-related gene expression in patho-
gen-infected plants. JA is widely involved in regulating 
disease resistance against necrotrophic pathogens, while 
SA mediates broad-spectrum resistance against biotro-
phic and hemi biotrophic pathogens [16]. ET is another 
key player in plant defense, particularly in conjunction 
with SA and JA and it often more involved in defense 
against necrotrophic pathogens along with JA. The inter-
play between SA, JA, and ET signaling pathways is fun-
damental to the plant ability to mount a coordinated and 
effective defense response.

Salicylic acid signalling pathway
In our study, we investigated three key enzymes within 
the SA signalling pathway: Non-expressor of pathogen-
esis-related genes 1 (NPR1), WRKY transcription fac-
tor 70 (WRKY70), and Pathogenesis-related protein 1 
(PR1) [17], which play pivotal roles in the SA-mediated 
defense mechanism. NPR1, serving as the central orches-
trator for the SA signalling pathway, and acts as a tran-
scriptional co-activator alongside TGA transcription 
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factors, promoting the expression of defense-related 
genes like PR1. In our analysis of the P. nigrum transcrip-
tome, we identified two transcripts (MSTRG.29868.1 and 
MSTRG.29924.1) that contain the sequence signatures of 
NPR1. Interestingly, these NPR1-related transcripts were 
significantly upregulated at 6 hpi (Table  2, Additional 

File 4)., which suggests an early activation of SA signal-
ing in response to P. capsici infection. This upregulation 
aligns with the known role of NPR1 in initiating defense 
responses. However, the observed decline in transcript 
levels at 12 hpi might indicate a downregulation phase, 
possibly due to the activation of feedback mechanisms or 

Fig. 1 Comparative gene expression data derived for three samples (control, 6 hpi and 12 hpi) (A) Volcano plot for control vs. 6 hpi (B) Volcano plot 
for control vs. 12 hpi. (C) heatmaps showing top 15 differentially upregulated transcripts and (D) top 15 differentially downregulated transcripts from P. 
nigrum. Genes with a log2 fold change of ± 1.5 and FDR < 0.05 were considered to be differentially expressed genes
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the transition to other signaling pathways as the infection 
progresses.

WRKY70, functioning as a positive regulator of SA-
mediated defense while concurrently suppressing the JA 
response, was also a focus of our investigation. The bal-
ance between SA and JA pathways is essential for appro-
priate immune responses, and WRKY70 plays a key role 
in this regulatory network. Our transcriptomic analysis 
identified a transcript (MSTRG.8862.1), corresponding 
to WRKY70. This transcript exhibited significant upreg-
ulation at 6 hpi, reflecting the early activation of SA-
mediated defense mechanisms. The subsequent decline 
in expression at 12 hpi could indicate a shift in the regu-
latory landscape of defense responses as the infection 
progresses, potentially involving other transcription 
factors or hormonal signals (Table  2, Additional File 4). 
Pathogenesis-related protein 1 (PR1) family members are 
renowned for their abundant production in plants upon 
encountering pathogenic threats. PR1 gene expression 

has previously served as a reliable marker for evaluating 
SA-mediated disease resistance [18]. Our transcriptome 
analysis identified two transcripts (MSTRG.17950.1 and 
MSTRG.18009.1) encoding PR1 genes. Both transcripts 
showed a pronounced upregulation at 6 hpi, consistent 
with the early phase of defense response against P. cap-
sici. The observed decrease in expression at 12 hpi sug-
gests a dynamic regulation of PR1 genes, potentially 
reflecting a transition to other defense mechanisms or 
a decrease in the initial response as the plant adapts to 
the ongoing infection (Table  2, Additional File 4). We 
also examined other key components of the SA signal-
ing pathway, including GRX4 and TGA transcription 
factors. GRX4 (MSTRG.5776.1) is involved in redox 
regulation and can influence the redox status of signaling 
proteins, potentially affecting their activity. The upregu-
lation of GRX4 in infected samples suggests its role in 
modulating the redox environment during the defense 
response. Conversely, TGA1 (MSTRG.1644.1) and TGA4 
(MSTRG.4306.1), which are part of the TGA transcrip-
tion factor family that works in concert with NPR1, 
showed downregulation in infected samples (Table  2, 
Additional File 4). This downregulation could indicate a 
complex regulatory interplay, where TGA factors might 
be less active or regulated differently in response to ongo-
ing infection stages.

The early upregulation of NPR1, WRKY70, and PR1 
transcripts at 6 hpi underscores the initial activation of 
the SA-mediated defense response in P. nigrum. This 
early response is crucial for mounting a rapid defense 
against pathogen invasion. The subsequent decline in 
transcript levels at 12 hpi highlights the dynamic nature 
of plant immune responses, where the initial activation 
of defense genes is followed by a phase of adaptation 
or modulation. The observed patterns of expression for 
GRX4 and TGA transcription factors further emphasize 
the complexity of the SA signaling network. The upregu-
lation of GRX4 suggests a role in maintaining the redox 
balance during defense, while the downregulation of 
TGA factors points to potential shifts in transcriptional 
regulation as the infection evolves.

Jasmonic acid signalling pathway
The jasmonic acid (JA) signaling pathway is crucial for 
regulating plant defense responses, particularly against 
necrotrophic pathogens. The major genes involved in JA 
signalling pathway are Coronatine Insensitive 1 (COI1), 
Jasmonate ZIM domain protein 1 (JAZ1), and Transcrip-
tion factor MYC2 (MYC2). Each of these components 
plays a distinct role in orchestrating the plant response 
to pathogen attack. COI1, an essential F-box protein for 
all JA responses, plays a critical role in assembling the 
SCF (COI1) E3 ubiquitin ligase complex, which in turn, 
recruits Jasmonate ZIM-domain proteins for degradation 

Table 2 Transcript expression of key enzymes involved in the SA, 
JA and ET hormone signalling pathways from three samples
Pathway genes Transcript hits TPM values

Control 6 hpi 12 
hpi

Salicylic acid
Non-expressor of 
pathogenesis-related 
genes 1 (NPR1)

MSTRG.29868.1 13.23 107.39 40.67
MSTRG.29924.1 11.53 76.94 24.88

WRKY transcription 
factor 70 (WRKY70)

MSTRG.8862.1 20.64 93.07 48.83

Pathogenesis-related 
protein 1 (PR1)

MSTRG.17950.1 0.84 143.17 9.07
MSTRG.18009.1 0.49 385.34 6.74

Glutaredoxin-C9 
(GRX4)

MSTRG.5776.1 7.34 22.59 31.78

Transcription factor 
(TGA1)

MSTRG.1644.1 38.29 3.08 5.44

Transcription factor 
(TGA4)

MSTRG.4306.1 22.49 11.73 17.73

Jasmonic acid
Coronatine Insensitive 
1 (COI1)

MSTRG.25426.1 7.36 8.52 12.44

Jasmonate ZIM do-
main protein 1 (JAZ1)

MSTRG.20417.1 48.85 590.82 389.66
MSTRG.31785.1 39.23 1034.24 347.41

Transcription factor 
MYC2 (MYC2)

MSTRG.16496.1 10.34 4.79 32
MSTRG.4905.1 42.25 157.63 78.08

Mitogen-activated 
protein kinase 4 
(MPK4)

MSTRG.830.2 59.38 26.18 47.95

Vegetative storage 
protein 2 (VSP2)

MSTRG.2523.1 31 2.05 7.33
MSTRG.3467.1 15.46 0.42 2.09

Ethylene
Ethylene-insenstive 
3-like (EIL1)

MSTRG.4336.1 13.69 1.17 22.23
MSTRG.3297.1 49.67 12.67 92.14

Ethylene-responsive 
transcription factor 
(ERF094)

MSTRG.15462.1 0.11 16.62 1.75
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via the 26 S proteasome [19]. In our study, we identified 
the COI1 transcript (MSTRG.25426.1), which showed 
a slight increase in expression in the infected samples 
(Table  2, Additional File 4). This increase suggests that 
COI1 may be involved in the early stages of JA signaling 
activation in response to P. capsici infection. However, 
the relatively small increase observed might also indicate 
that COI1 role is more nuanced or that other regulatory 
mechanisms are modulating its activity in conjunction 
with or independent of JA signaling.

JAZ1 is a member of the TIFY protein family and 
functions as a transcriptional repressor in the JA sig-
naling pathway. These proteins are characterized by 
the TIF[F/Y]XG motif within a larger conserved region 
(∼28 amino acids) known as the ZIM (or TIFY) domain, 
which play essential roles in mediating JA responses, JAZ 
proteins inhibit the activity of MYC2 transcription fac-
tors, thereby repressing JA-responsive gene expression 
[20]. Our investigation identified two JAZ1 transcripts 
(MSTRG.20417.1 and MSTRG.31785.1) that exhibited 
higher expression at 6 hpi and decreased expression at 12 
hpi (Table 2, Additional File 4). This pattern indicates that 
JAZ1 proteins might initially accumulate to repress JA 
responses, but their levels subsequently decrease, poten-
tially due to the activation of JA signaling pathways and 
the degradation of JAZ1 proteins via the COI1-mediated 
ubiquitination process. This dynamic regulation under-
scores the temporal control of JAZ1 in modulating the JA 
response during different infection stages.

The third gene we studied is MYC2, a crucial tran-
scription factor that interacts with JAZ proteins to ini-
tiate JA signaling. In the absence of JA, JAZ proteins 
inhibit MYC2 activity, thereby repressing the expression 
of JA-responsive genes. Upon JA perception, JAZ pro-
teins are degraded, releasing MYC2 to activate defense 
gene expression [21]. Our study revealed two MYC2 
transcripts (MSTRG.16496.1 and MSTRG.4905.1) 
(Table  2, Additional File 4). One MYC2 transcript 
(MSTRG.16496.1) exhibited increased expression at 12 
hpi, while the other (MSTRG.4905.1) showed higher 
expression at 6 hpi compared to 12 hpi. This suggests 
that different MYC2 transcripts may have complemen-
tary roles at various stages of infection, with some pos-
sibly contributing to early defense responses and others 
playing a role in sustained or late-stage responses. The 
differential expression of MYC2 transcripts highlights the 
complexity of JA signaling and the potential for varied 
transcriptional responses to infection over time. Addi-
tionally, we studied MPK4, a mitogen-activated protein 
kinase involved in various signaling pathways, includ-
ing those related to JA and SA. MPK4 positively influ-
ences GRX4 in the SA signaling pathway, suggesting a 
role in coordinating responses between these pathways. 
Conversely, MPK4 negatively regulates MYC2 in the JA 

signaling pathway, impacting JA-responsive gene expres-
sion. Notably, the transcript corresponding to MPK4 
(MSTRG.830.2) exhibited consistent expression across all 
samples (Table 2, Additional File 4). This steady expres-
sion could indicate a fundamental role of MPK4 in mod-
ulating both SA and JA pathways during the infection 
process. VSP2 (Vegetative Storage Protein 2) is another 
well-characterized JA-responsive gene involved in the 
plant defense against pathogens. It is regulated by MYC2, 
and its expression typically reflects the activation of JA 
signaling. transcripts related to VSP2 (MSTRG.2523.1 
and MSTRG.3467.1) were downregulated in infected 
samples (Table 2, Additional File 4). This downregulation 
could be attributed to several factors, such as a shift in 
the JA signaling dynamics, potential suppression of JA 
responses in the later stages of infection, or interplay with 
other signaling pathways that modulate VSP2 expression.

Overall, the analysis of the JA signaling pathway 
components in response to P. capsici infection pro-
vides insights into the dynamic regulation of defense 
responses. The increase in COI1 expression suggests its 
involvement in early JA signaling, while the fluctuating 
levels of JAZ1 and MYC2 transcripts indicate a com-
plex interplay between repression and activation of JA 
responses. The consistent expression of MPK4 highlights 
its role in sustaining the JA signaling pathway, while the 
downregulation of VSP2 reflects possible shifts in JA sig-
naling during infection.

Ethylene signalling pathway
The ethylene (ET) signaling pathway is integral to plant 
defense responses, orchestrating a variety of processes 
from growth regulation to stress responses. In conjunc-
tion with other hormone pathways, particularly JA, ET 
signaling helps modulate the plant immune response to 
pathogens [6]. This interplay between pathways ensures 
a coordinated and effective defense strategy. EIL1 is a key 
transcription factor in the ET signaling pathway. It acts 
in conjunction with JAZs-MYC2 from the JA signalling 
pathway, highlighting the cross-talk between these two 
pathways [22]. In our investigation, we identified two 
transcripts (MSTRG.4336.1 and MSTRG.3297.1) encod-
ing the EIL1 gene in the P. nigrum transcriptome. Both 
transcripts exhibited reduced expression at 6 hpi com-
pared to the control but displayed increased expression at 
12 hpi (Table 2, Additional File 4). This pattern suggests 
a potential role for EIL1 in early response suppression, 
possibly to mitigate initial stress responses, with subse-
quent activation indicating a role in sustained defense 
mechanisms. The reduction in EIL1 expression at 6 hpi 
could be part of an initial regulatory adjustment, allowing 
the plant to manage early infection stages. The increased 
expression at 12 hpi may reflect a transition to more 
robust defense responses, as the plant adapts to ongoing 
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pathogen presence. The ET and JA pathways intersect 
in the transcriptional activation of Ethylene Response 
Factor 1 (ERF1), a gene encoding a transcription factor 
that regulates the expression of genes involved in patho-
gen responses to impede disease progression [23]. Our 
study revealed that the ERF1 transcript (MSTRG15462.1) 
exhibited expression in the 6 hpi infected sample and 
decreased expression at 12 hpi (Table  2, Additional File 
4). This temporal regulation suggests that ERF1 is initially 
activated as part of an early defense response, but its role 
might shift or diminish as the infection progresses. The 
initial increase in ERF1 expression aligns with its role in 
kickstarting defense mechanisms, while the subsequent 
decrease could indicate a shift in regulatory priorities or 
a possible involvement in modulating the intensity of the 
response as the plant adapts to the pathogen. The find-
ings from our study underscore the critical role of EIL1 
and ERF1 in the ET signaling pathway, highlighting their 
temporal regulation during P. capsici infection.

To confirm these observed expression patterns from 
transcriptome analysis, we performed quantitative real-
time polymerase chain reaction (RT-qPCR) analysis on 
selected transcripts (Fig.  2). We could observe a cor-
relation between the expression levels derived from 
RT-qPCR and those determined by the transcriptome 
data for most of these transcripts in control, 6 hpi and 
12 hpi. Overall, this study focused on the innate immu-
nity of P. nigrum against P. capsici. Transcriptome anal-
ysis revealed the immune-related gene dynamics and 
allowed for the identification of differentially expressed 
transcripts. The significant activation of the SA and JA 
pathways early in infection, followed by the ET pathway 
involvement, shows P. nigrum complex defense mecha-
nisms. The balance between these pathways is critical 
for optimizing resistance while minimizing potential 
trade-offs in growth and development. Our findings illus-
trate the complex regulatory networks involving SA, JA, 
and ET pathways in P. nigrum defense against P. capsici, 
emphasizing the dynamic interplay and temporal regu-
lation of key signaling components. Moreover, hormone 
signalling pathways are known to have role in Systemic 
Acquired Resistance (SAR) and strategies have been 
developed by pathogens to manipulate plant hormonal 
pathways and modify the immune signaling for their own 
resistance enhancement in the host. This underscores the 
necessity for further in-depth studies in these lines.

Conclusions
In this study, we investigated the molecular mechanisms 
underlying the innate immunity of P. nigrum against the 
oomycete pathogen P. capsici. By conducting transcrip-
tome profiling and comparative transcriptomics, we 
identified DEGs in response to P. capsici infection. Our 
comprehensive transcriptome assembly, comprising 

64,667 transcripts with high completeness, provided 
insight on the molecular processes underlying P. nigrum 
defensive mechanisms. Functional annotation of these 
transcripts revealed various functional categories and 
domains, allowing our understanding of the plant molec-
ular repertoire. The differential gene expression analy-
sis uncovered dynamic regulation of immune-related 
genes, with 4,714 transcripts at 6 hpi and 9,416 at 12 hpi 
showing significant differential expression. This dynamic 
regulation illustrates the complexities of the P. nigrum 
response to P. capsici and the plant ability to adapt and 
improve its defense mechanism. Our findings showed 
that the infection triggered a dynamic reprogramming of 
gene expression, with a significant increase in the expres-
sion of genes involved in the SA, JA, and ET signalling 
pathways. The SA signalling pathway is known to play a 
key role in the early defense response of plants against 
pathogens. We identified two transcripts of NPR1, a cen-
tral regulator of the SA signalling pathway, which were 
significantly upregulated at 6 hpi and then declined at 12 
hpi. Similarly, a transcript of WRKY70, a transcription 
factor positively regulating the SA response, exhibited a 
similar expression pattern. These results suggest that the 
SA signalling pathway is activated early in the infection 
process and then declines as the plant defense response 
progresses. The JA signalling pathway also plays a cru-
cial role in defense response of plants against pathogens. 
We identified transcripts of COI1, JAZ1, and MYC2, 
key regulators of the JA signalling pathway. COI1 is an 
F-box protein that targets JAZ proteins for degradation, 
while MYC2 is a transcription factor that activates the JA 
response. Our results suggest that the JA signalling path-
way is activated later in the infection process, following 
the decline of the SA signalling pathway. These sequential 
and complementary roles of these two signalling path-
ways may be significant and for understanding integrated 
disease resistance strategies. Furthermore, the ET signal-
ling pathway was involved in the defense response, with 
dynamic expression of EIL1 and temporally regulated 
ERF1 during infection, elucidating their roles in disease 
progression. Overall, this study significantly contrib-
utes to our understanding of plant immunity and offers 
potential strategies for enhancing P. nigrum resistance 
to P. capsici. The molecular insights gained here provide 
a foundation for future research aimed at developing 
effective strategies for managing ‘quick wilt’ disease and 
ensuring the sustainability of P. nigrum cultivation.

Materials and methods
Plant, pathogen, and treatments
Two-month-old plantlets of Piper nigrum L. var. Pan-
niyur I, which shows high susceptibility to P. capsici, were 
maintained at the greenhouse facility of Rajiv Gandhi 
Centre for Biotechnology, Thiruvananthapuram, India, 
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Fig. 2 Validation of transcript expression using RT-qPCR analysis. selected transcripts from differentially expressed genes and hormone signalling path-
ways (A) Non-symbiotic hemoglobin 2 (MSTRG.298.1) (B) Putative norcoclaurine 6-O-methyltransferase (MSTRG.1147.1) (C) Corytuberine synthase 
(MSTRG.15304.2) (D) Fe2OG dioxygenase domain-containing protein (MSTRG.13487.1) (E) WRKy70 (MSTRG.8862.1) (F) MYC2 (MSTRG.4905.1) (G) TGA4 
(MSTRG.4306.1) (H) MPK4 (MSTRG.830.2) were quantified in three samples using RT-qPCR. The grey-scale bars represent relative enzyme coding transcript 
expression in control, 6 hpi and 12 hpi by RT-qPCR analysis (left y-axis). The data represents mean values of three biological replicates for each sample. 
Black line represents TPM values of the transcripts by RNAseq (right y-axis)
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and used for all the studies (Fig.  3A). Infection assay 
experiments were carried out as described earlier [9, 24]. 
Briefly, P. capsici pv. P. nigrum grown axenically on potato 
dextrose agar medium (PDA) at 28 °C for four days was 
used for the infection assay experiment. The second leaf 
detached from at least ten P. nigrum plantlets were pin-
pricked once on the abaxial surface and further inocu-
lated with the mycelial plugs of P. capsici at multiple sites 
and were placed in humid transparent plastic covers and 
incubated for 6 h and 12 h in a controlled growth cham-
ber (Conviron, Canada) maintained at 28  °C and a pho-
toperiod of 16 h and an RH of 70%. After incubation, the 
mycelial plugs removed from the infection site, and leaf 
discs of at least 5.0  mm diameter were harvested using 
a paper puncher from the inoculation sites and immedi-
ately frozen in liquid nitrogen before total RNA isolation. 
Transcriptome sequencing experiment was carried out 
on the three sets of RNA derived from each treatment, 
immediately frozen in liquid nitrogen, and stored at 
-80 °C until further use [9, 25]. For microscopic observa-
tion of the growth of P. capsici, we have utilized a trypan 
blue staining technique reported earlier [26]. The result-
ing leaf discs were observed under a light microscope 
(Leica Microsystems DM750) at a magnification of 40X 
(Fig. 3B).

Total RNA isolation and Illumina sequencing
Total RNA was extracted from three different leaf disc 
pools using the RNeasy Plant mini kit (Qiagen) as per 
manufacturer recommendations. RNA isolated was 
treated with DNase I (Ambion, TX) to remove possible 
genomic contaminations. The RNA quantity was ana-
lyzed by spectrophotometry using Nanodrop (Thermo 
Scientific), and the quality was visually verified on 3% 
agarose gel. The total RNA integrity was assessed on an 
Agilent Bioanalyzer 2100 (Agilent Technologies, CA). 
Four micrograms of RNA with a minimum RIN value > 8 
were used for cDNA library preparation according to the 
Illumina TruSeq RNA sample preparation kit (Illumina 
Inc., San Diego, CA, USA). Bioanalyzer plots were used 
at every step to assess mRNA quality, enrichment suc-
cess, fragmentation, and final library sizes. Both Qubit 
(Invitrogen) and RT-qPCR were used for measuring 
the quantity of the library before sequencing. After the 
libraries were constructed, the cDNA was sequenced on 
Illumina HiSeq 2000 to obtain 100 bp paired-end data.

De novo assembly and annotation of transcriptome data
Afte sequencing, Illumina RNA-Seq data was processed 
to generate FASTQ files. RNA-Seq data in FASTQ files 
were initially filtered to remove adaptor sequences using 
a fastqmcf tool (https://github.com/ExpressionAnalysis/
ea-utils/blob/wiki/FastqMcf.md). We filtered out reads 
with an average quality score (Phred value) < 20 and 

a read length < 40 in any of the paired-end reads. The 
FASTQ sequence files were deposited and are available 
for public at NCBI under the Bioproject PRJNA318916. 
The reads were first aligned to a high-quality genome 
assembly of P. nigrum [27] using HISAT2 with default 
parameters [28]. StringTie2 was used to assemble the 
aligned reads for all samples into transcripts [29]. The 
transcripts from each sample were further merged using 
the StringTie2 merge function to create a common set 
of transcripts for all the samples. TransDecoder with a 
minimum threshold of 100 residues in length was used 
to predict unigenes (ORFs) from the transcripts. The host 
(P. nigrum) and pathogen (P. capsici) transcripts were 
classified corresponding to Viridiplantae and Strameno-
piles (oomycetes) based queries. The assembled tran-
scripts and predicted unigenes from the transcriptome 
were annotated further using BLASTX and BLASTP [30] 
searched against Uniprot Viridiplantae [31] database and 
HMMSCAN against Pfam database [32, 33]. Matches 
with a stringent cut-off of expected value (e-value) ≤ 1e-5 
and similarity ≥ 40% were retained for further annotation. 
The quality of the transcriptome assembly further evalu-
ated using BUSCO v5 [34] against Viridiplantae database.

Differential gene expression analysis
The differential expression of transcripts were analysed 
using edgeR [35]. Initially, the featureCounts program 
[36] was utilized to quantify the transcripts in each sam-
ple. The resulting transcript counts were then utilized to 
calculate the fold change in expression and significance 
(P-value) of genes. DEApp [37] was employed to conduct 
a multi-factor experiment to analyse differential expres-
sion between pairs of groups. Genes exhibiting a fold 
change greater than 1.5 and a false discovery rate (FDR, 
Benjamini and Hochberg’s method) lower than 0.05 were 
identified as differentially expressed genes (DEGs). Vol-
cano plots were generated to visualize the differential 
regulation, aiding in the identification of the differentially 
regulated genes.

Identification of genes related hormone signalling 
pathways from transcriptome assembly
To investigate the genes associated with the SA, JA, and 
ET signalling pathways, we utilized the CAPS_protocol 
[38], a pipeline developed to identify enzymes coding 
transcripts from transcriptome. Clustal Omega [39] was 
employed for sequence alignment, and two iterations of 
jumpstart PSI-BLAST [40] were performed against the 
P. nigrum transcriptome assembly. The Clustal Omega 
alignment was used as input, with an E-value threshold 
of 1e− 5 was applied. Hits that exhibited a query coverage 
of at least 70% and a percentage identity of at least 40% 
were further analyzed. True hits were identified by align-
ing these hits with the query sequences and comparing 

https://github.com/ExpressionAnalysis/ea-utils/blob/wiki/FastqMcf.md
https://github.com/ExpressionAnalysis/ea-utils/blob/wiki/FastqMcf.md
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Fig. 3 Morphology (A) Photograph of P. nigrum plantlets grown in controlled growth chambers condition (B) Trypan 657 blue staining of P. capsici shows 
the disease progression with early colonization of mycelia 658 at 0, 3, 6 and 12 hpi

 



Page 12 of 13Mahadevan et al. BMC Genomics          (2024) 25:910 

functionally significant residues. MEGA software [41] 
was used, in conjunction with MUSCLE module [42], for 
sequence alignment to generate phylogenetic trees. The 
maximum likelihood method, with a bootstrap value of 
1000, was employed to construct the phylogenetic trees.

RNA isolation, cDNA synthesis, and transcript level 
expression analysis using RT-qPCR
The Nucleospin® RNA plant kit (Macherey-Nagel), was 
used to extract the total RNA from leaf discs of control 
and infected leaf discs. One µg of total RNA from each 
sample was used for the first-strand cDNA synthesis 
using the PrimeScriptTM RT Reagent Kit (Perfect Real 
Time), according to the manufacturer’s instructions. 
The Primer3Plus software (https://primer3plus.com/cgi-
bin/dev/primer3plus.cgi) was used to synthesize primer 
sequences for RT-qPCR analysis of the genes selected 
(Additional File 5). SYBR Premix Ex Taq II (Takara) was 
used in the RT-qPCR analysis using the QuantStudio 5 
Real-Time PCR instrument (Applied Biosystems). 10  µl 
SYBR Green PCR Premix (Takara), 2 µl cDNA template, 
0.4 µl ROX Reference Dye (50X), 0.8 µl each of the for-
ward and reverse primers, and 6  µl of sterile, nuclease-
free water were added to the 20 µl PCR volumes. 50  °C 
for two minutes, 95 °C for ten minutes, and 40 cycles of 
15 s at 95 °C and 1 min at 60 °C were the conditions for 
the PCR. For the quantitative gene expression experi-
ments, the comparative CT approach (2 − ΔΔCT method) 
was applied. The expression data was normalized using P. 
nigrum 18 S rRNA.
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