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Introduction: Black pepper (Piper nigrum L.), renowned as the “King of Spices,”

holds significant economic and medicinal value but is highly susceptible to

drought stress, which impacts its growth and productivity. Several studies have

reported the impact of drought stress on morphological, physiological and

biochemical characteristics, while the molecular mechanism underlying

drought tolerance remains largely unexplored.

Methods: This study focusses on the molecular basis of drought tolerance in black

pepper through identification of differentially expressed genes (DEGs) by

comparative transcriptome analysis involving drought-tolerant Accession (No.

4226) under control and water deficit conditions, and validation of these DEGs by

co-expression analysis involving drought-tolerant (IISR Thevam and Acc. No. 4226)

and drought-susceptible (Panniyur-1) genotypes under water-deficit conditions.

Results: Reference based assembly of RNAseq data and differential gene expression

analysis revealed 2,780 DEGs such as RUBISCO-S, 50S_RP, SPX, associated with

photosynthetic carbon assimilation, stress-induced regulation of protein synthesis

and phosphate homeostasis under nutrient and drought stress, respectively.

Functional annotation highlighted enriched biological processes such as metabolic

reprogramming and secondary metabolite biosynthesis, while pathway analyses

emphasized the role of starch and sucrose metabolism and RNA processing

pathways in drought adaptation.

Discussion: Validation of key DEGs such as catalase, defensin, RUBISCO,

MYB101, SGNH, GIB67 and ZAT10 through RT-qPCR confirmed the

transcriptome data and the higher expression in drought tolerant accessions,

indicated their involvement in imparting tolerance to drought. The findings also

provided valuable insights regarding correlation of molecular and physiological

mechanisms underlying drought tolerance in black pepper thereby laying the

groundwork for developing high-yielding, drought-tolerant black

pepper cultivars.
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1 Introduction

Black pepper, also known as ‘King of Spices’ is one of the most

widely cultivated and traded spices worldwide. In addition to its

culinary utility, black pepper also possesses medicinal activities such

as anti-cancer, anti-inflammatory, analgesic, anticonvulsant, anti-

ulcer, antioxidant, cytoprotective and anti-depressant effects (Butt

et al., 2013). It is known for its pungent taste and aroma which is

due to the presence of the active ingredient 1-piperoylpiperidine or

piperine, whose content is influenced by the place of origin and

climatic or drying conditions (Sozzi et al., 2012). Drought and water

deficit stress have been identified as major factors affecting black

pepper productivity, leading to considerable economic losses

(George et al., 2017; Negi et al., 2021) due to its impact on

growth, physiology and disease resistance (Krishnamurthy et al.,

2016). Black pepper plants can endure temperature ranging from

10°C to 40°C, with the ideal temperature averaging around 28°C.

For optimal root growth, the soil temperature should be between

26°C and 28°C and an ideal uniform rainfall of about 2000 mm is

required for optimum productivity (Krishnamurthy et al., 2011).

Though it prefers a tropical climate with high relative humidity and

minimal variation in day length throughout the year, the crop

cannot withstand excessive heat and dry conditions (Sivaraman

et al., 1999) and is highly susceptible to water scarcity due to their

extensive leaf surface and high transpiration rates (Gonzalez-Dugo

et al., 2010). The escalating climate crisis has prolonged and

intensified drought conditions, has resulted in significant

economic losses in black pepper up to 70% (De Pascale et al., 2003).

Black pepper adapts to drought primarily by increasing water

use efficiency, intercellular CO2, root penetration and by reducing

stomatal conductance, chlorophyll content and stability, leaf area

and photosynthesis (Vasantha et al., 1990; Krishnamurthy and Saji,

2006; Prakash et al., 2023). Tolerant varieties showed higher water

retention capacity, lower cell membrane permeability and increased

thickness of abaxial leaf epidermis along with stomatal density,

greater presence of fine roots, thicker periderm and starch

accumulation in roots (Krishnamurthy et al., 2000; George et al.,

2017; Ferreira et al., 2024). It is also reported that impact of

temperature above 40°C coupled with low relative air humidity

are detrimental to black pepper (Ambrozim et al., 2022). Though it

shows poor responses to rehydration and resilience to long term

spells of drought (Ferreira et al., 2024), prior exposure to stress

improves the adaptive responses (Ambrozim et al., 2022).

Black pepper exhibits a range of adaptive mechanisms to

withstand drought conditions, allowing it to adapt to specific

habitats and support their growth and development. These

adaptations involve intricate physiological and biochemical

responses. During drought stress in black pepper, plant height

and leaf area tend to decrease, with leaf expansion slowing down

even before the soil reaches critical moisture deficiency (Ramadasan

and Vasantha, 1994). Some black pepper accessions have been

observed to have an increased root to shoot ratio compared to

others under water-limited conditions (Krishnamurthy et al., 2016).

In black pepper severe water stress leads to a reduction in

chlorophyll a, chlorophyll b, and total chlorophyll content
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(Krishnamurthy et al., 2016), while leaf wax deposition increases

as a protective measure (Thankamani et al., 2002), and the total

amino acid levels rise in response to drought (Krishnamurthy and

Ankegowda, 1998). In water-deficient black pepper plants,

physiological functions such as photosynthetic rate (A), stomatal

conductance (gs), gas exchange, and transpiration are significantly

impacted. Water stress also alters enzymatic activity, reducing

catalase and acid phosphatase levels while enhancing peroxidase

and polyphenol oxidase activity (Krishnamurthy et al., 2000;

Thankamani et al., 2003) also reported decreased acid

phosphatase activity declines and lipid increased peroxidation in

water stress black pepper plants.

Transcriptomics have paved way to identification of important

genes and pathways related to drought providing a theoretical

guidance for strategies for early selection of drought responsive

genotypes as well as for developing future transgenics for drought

tolerance in many crops (Mir et al., 2012). Several transcriptome

studies have been conducted in black pepper, providing valuable

insights into key genes and pathways associated with various traits,

including quality, disease resistance, and stress tolerance (Hu et al.,

2015; Babu Paul et al., 2019; Lau et al., 2020; Sreekumar et al., 2022;

Das et al., 2025). In another study by George et al., 2017 (George

et al., 2017), though a set of genes involved in drought tolerance

could be identified and validated by qRT-PCR, these genes were

randomly chosen from the P. nigrum transcriptome challenged with

Phyphthora based on a de novo approach. At present high fidelity

sequences and whole genome sequence data is available in black

pepper (Hu et al., 2019), based on which a reference genome-based

approach, that enhances the accuracy of transcript quantification

and variant analysis was adopted by us for a comparative

transcriptome analysis under drought stress condition per sey

along with validation of key candidate genes through qPCR-based

expression profiling, as a direct experimental support to our

computational findings. This comprehensive approach not only

builds upon previous findings but also provides a deeper

understanding of the genetic and molecular basis of drought

response in black pepper.

Differential Transcriptome analysis in the drought tolerant

accession 4226 led to identification of important genes,

transcription factors and pathways associated with stress

tolerance (Negi et al., 2021). The study also identified SSRs, SNPs

and InDels and catalogued the available genomic information into a

database for future use in improving drought resilience in black

pepper. However, the de novo approach adopted as well as lack of

validation of the identified key DEGs limits further exploitation of

these genomic resources. While (Negi et al., 2021) utilized the same

transcriptomic dataset to perform a de novo assembly-based gene

mining approach, their primary focus was on identifying genes

associated with drought stress and creating a web-based genomic

resource. In contrast, our study adopts a more integrative and

mechanistic perspective, leveraging the available reference genome

to perform reference-guided alignment, enabling higher precision

in transcript quantification. We go beyond simple gene discovery by

conducting a comprehensive differential expression analysis,

identifying key DEGs, annotating biological processes and
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metabolic pathways, and highlighting gene networks potentially

involved in drought tolerance. Additionally, our study uniquely

includes comparative transcriptome analysis between a drought-

tolerant (Accession 4226) and susceptible (Panniyur 1) genotype,

which provides a functional understanding of genotype-specific

responses. Furthermore, we validated the expression of selected

DEGs using qPCR, strengthening the biological relevance of our

findings. Therefore, while the earlier work laid a foundational

resource, our research offers deeper insights into the molecular

mechanisms underlying drought tolerance in black pepper.

Our study presents a comprehensive transcriptome analysis of

drought tolerant black pepper variety, Accession 4226 under

control and drought stress conditions and validation of important

DEGs in tolerant and susceptible genotype under induced drought

stress. We aimed to elucidate the molecular mechanism underlying

the response of black pepper to drought stress, which may

eventually help in devising strategies for molecular breeding for

drought resistance. Additionally, we identified the most prevalent

genetic variations that serve as crucial markers for studying genetic

diversity and trait associations related to drought tolerance in black

pepper and also for developing transgenics and gene edited lines

tolerant to drought.
2 Materials and methods

2.1 Plant materials and growing conditions

All plant materials used in this study were sourced from ICAR–

Indian Institute of Spices Research, Calicut, India (11°15′N; 75°46′
E). For transcriptome analysis, Piper nigrum accession 4226 a

drought-tolerant genotype identified through field screening

(Krishnamurthy et al., 2016) was used. Rooted cuttings were

grown individually in pots containing a soil: cow dung: sand

mixture (1:1:1) under greenhouse conditions with temperatures

ranging from 30–33°C, relative humidity of 70–90%, and a natural

12 h photoperiod. Plants were maintained at field capacity (20–21%

soil moisture) through daily irrigation. Drought stress was induced

by withholding irrigation for 18 days, reducing soil moisture to 8–

9% (Vijayakumari and Purthur, 2014). Leaves from control and

drought-treated plants were immediately frozen in liquid nitrogen

for RNA extraction and transcriptome sequencing.

For physiological and biochemical analysis, leaves were

collected from six-year-old, field grown 4226 plants that

experienced one month of natural drought stress (11–12% soil

moisture) during the flowering stage, along with fully irrigated

control plants maintained at 19–20% soil moisture.

For qPCR validation of differentially expressed genes, four-leaf

stage cuttings of two contrasting P. nigrum varieties: IISR Thevam

(drought-tolerant) and Panniyur 1 (drought-susceptible), were

grown in bags under greenhouse conditions (28–33°C, 70–85%

RH, natural light). Drought stress was imposed by withholding

irrigation, while control plants were regularly watered. Leaf samples
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were collected at 1, 5, 10, 15, and 18 days after stress treatment,

rinsed with RNase-free water, flash-frozen in liquid nitrogen, and

stored at −80°C until further analysis.
2.2 RNA isolation and library preparation

All the materials used for RNA isolation was soaked and washed

with DEPC treated water. Total RNA was extracted using Spectrum

Plant Total RNA Kit (Sigma Aldrich, US). The purity and quantity

were assessed using a Nanodrop spectrophotometer (DeNovix DS-

11). The cDNA synthesis was carried out using Thermo Scientific

RevertAid First Strand cDNA Synthesis Kit.
2.3 Pre-processing of raw reads and
transcriptome assembly

The transcriptome analysis of black pepper accession 4226

induced with drought and a control was performed to identify

differentially expressed genes (DEGs). Reference genome

sequences already available in black pepper (Hu et al., 2019) as

well as the resequencing data available in black pepper accessions

(Das et al., 2025) were used for the analysis. Raw RNA-Seq data in

FASTQ format were subjected to quality control using FMultiQC

(version 0.11.9). FastQC assessed the overall quality of the data by

generating metrics such as per-base sequence quality, GC content

and adapter contamination. To ensure clean reads for

downstream analysis, adapters and low-quality bases were

removed using Trim Galore (version 0.6.7) which combines

Cutadapt and FastQC functionalities. Trim Galore was run with

default parameters and a quality score cutoff of 30. High-quality

reads were aligned to the Piper nigrum reference genome

(accessed on June 2025) using STAR (version 2.7.10a), a splice-

aware aligner. STAR was configured with default parameters for

genome-guided alignment, allowing the mapping of exon-

spanning reads with high accuracy. Mapped reads were

quantified to generate gene-level expression counts using

HTSeq-count (version 0.13.5). The analysis was performed in

the union mode with strandedness set to “no,” producing a

matrix of raw counts corresponding to each gene.
2.4 Identification of differentially expressed
genes

Differential gene expression analysis between accession 4226

and the control was conducted using the R package EdgeR (version

3.40.0). Genes with a false discovery rate (FDR) < 0.05 and a |log2

fold change| ≥ 1 were considered significantly differentially

expressed. Normalization of raw counts was performed using the

trimmed mean of M-values (TMM) method to account for library

size differences.
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2.5 Functional annotation of transcripts

Functional annotation of the differentially expressed transcripts

was performed to assign biological meaning to their functions. The

transcript sequences were annotated using BLASTx (version 2.13.0)

against the NCBI non-redundant (NR) protein database with an e-

value threshold of 1e-5. This provided putative protein functions by

identifying homologous sequences. Additionally, STRINGdb was

used to obtain Gene Ontology (GO) terms for molecular function,

biological process and cellular component categories. To

understand the biological pathways associated with the DEGs, the

sequences were mapped to the Kyoto Encyclopedia of Genes and

Genomes (KEGG) database using the KEGG Automatic

Annotation Server (KAAS). Enzyme codes (EC numbers) were

assigned to the genes and KEGG pathways were reconstructed to

identify significant metabolic and regulatory pathways. Protein

family classification and domain prediction were carried out

using the InterProScan tool (version 5.59). InterProScan

integrated multiple databases, including Pfam, SMART and

TIGRFAMs, to identify conserved domains and motifs, offering

insights into the structural and functional properties of the

transcripts. Functional enrichment analysis of DEGs was

performed which identified overrepresented GO terms and

pathways, highlighting the key biological processes influenced by

the experimental conditions. A p-value cutoff of 0.05 was applied

for enrichment significance. In order to understand various sub-

categories of GO terms in stress, we performed GO enrichment of

exclusively stress related DEGs.
2.6 Identification of Cis-elements

Retrieved the 2.0-kb upstream sequences from the start codon

(ATG) of each candidate gene in the black pepper genome to

identify cis-regulatory elements within their promoter regions. The

prediction of these elements was carried out using the PlantCARE

database (https://bioinformatics.psb.ugent.be/webtools/plantcare/

html/, Data accessed in 12 June 2025) and visualised these using

ChromoMap tool (https://cran.r-project.org/web/packages/

chromoMap/index.html)
2.7 Identification of SNP markers

Single Nucleotide Polymorphisms (SNPs) represent a single

nucleotide variation at a specific position in the genome,

encompassing both transitions and transversions. In this study,

SNPs were detected using freeBayes, a widely employed variant

calling tool capable of identifying polymorphisms from aligned

sequencing data. FreeBayes was run with specific parameters

optimized for sensitivity and specificity, ensuring accurate

detection of SNPs. To further minimize the error rate, stringent

filtering criteria were applied to the raw SNP calls. Only those SNPs

with a sequencing depth (DP) greater than 20 and a mapping

quality score higher than 20 were retained. These thresholds ensure
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high-confidence variant calls by excluding low-quality and

ambiguous reads, which are often sources of false positives in

SNP detection pipelines. The identified SNPs were subsequently

subjected to functional annotation using snpEff, an efficient tool for

predicting the potential effects of genetic variations. Annotation

includes classifying the SNPs based on their genomic location

(exonic, intronic, intergenic, etc .) , functional impact

(synonymous, non-synonymous, missense, nonsense) and

association with coding regions or regulatory elements. To

enhance the reliability and interpretability of the results, Variant

Effect Predictor (VEP) from Ensembl was also used as a

supplementary tool for SNP annotation. VEP provides

comprehensive insights into the biological implications of SNPs

by integrating data from multiple databases. The combination of

high-confidence SNP detection and robust annotation highlights

the functional relevance of these variations, particularly in the

context of genomic studies and trait mapping. This approach

enables the identification of markers linked to key agronomic

traits, facilitating genetic improvement programs and offering

insights into the molecular basis of trait variation.
2.8 Anatomical changes during drought
stress

Variations in stomatal aperture size in control as well as 14 DAS

(days after stress) were observed using a Leica compound

microscope (×400) (scale bars = 20 μm).
2.9 Physiological responses under drought
stress

Stomatal density (SD) was determined using the rapid leaf

impression technique as outlined by Reich (1984) (Reich, 1984),

with observations made on three leaves per treatment under a Leica

compound microscope fitted with a digital camera. Relative water

content (RWC) of the leaves was determined using the protocol

described by González and González-Vilar (2001) (González and

González-Vilar, 2001). Proline content (PRO) in the leaf tissue was

quantified in mg/g following the method of Bates et al. (1973) (Bates

et al., 1973). Cuticular wax (CW) content was estimated in mg/g of

leaf tissue according to the procedure of Schreiber and Schönherr

(1993) (Schreiber and Schönherr, 1993). Chlorophyll a, chlorophyll

b, total chlorophyll, and carotenoid (Cx+c) concentrations were

analyzed following the protocols of Shabala et al. (1998) and

Lichtenthaler (1987) (Lichtenthaler, 1987; Shabala et al., 1998).

Total soluble sugar content was measured using the method

developed by Karkacier et al. (2003) (Karkacier et al., 2003).

Ascorbate peroxidase (APX; EC 1.11.1.11) activity was

determined following the procedure of Nakano and Asada (1981)

(Nakano and Asada, 1981), while glutathione reductase (GR; EC

1.6.4.2) was assayed according to Carlberg and Mannervik (1985)

(Carlberg and Mannervik, 1985). Malondialdehyde (MDA) levels,

indicative of lipid peroxidation, were estimated using the
frontiersin.org
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thiobarbituric acid (TBA) method as described by Verma and

Dubey (2003) (Verma and Dubey, 2003). The concentration of

(+)-cis-trans-abscisic acid (ABA) in leaf extracts was measured

using the approach reported by Quarrie et al. (1988) (Quarrie

et al., 1988). Total glutathione (tGSH) was quantified based on

the method of Griffith (1980) (Griffith, 1980). Finally, the activity of

monodehydroascorbate reductase (MDHAR; EC 1.6.5.4) was

evaluated using the protocol outlined by Hossain et al. (2011)

(Hossain et al., 2011).
2.10 Validation of DEGs using RT-qPCR
reactions

For validation, differentially expressed genes in various stress

related processes were selected based on their FPKM values. The

upregulated genes included ribulose-1,5-bisphosphate carboxylase

small subunit (RUBISCO-S), 50S ribosomal protein L27 (50S-RP),

SPX domain-containing protein 3-like (SPX), catalase isozyme 1 (C-

isozyme1) and defensin J1-2-like (Defensin-J1). Meanwhile, the

downregulated genes consisted of Ribulose-1,5-bisphosphate

carboxylase (RUBISCO), transcription factor MYB101-like

(MYB101), SGNH hydrolase-type esterase domain-containing

protein (SGNH), hypothetical protein GIB67_010252 (GIB67) and

zinc finger protein ZAT10-like (ZFP).

The validation of expression analysis of key DEGs were

conducted in four-leaf stage cuttings of the drought-tolerant

variety IISR Thevam and the drought-susceptible variety

Panniyur 1 maintained in grow bags within the greenhouse

facility at temperatures ranging from 28–33°C under natural light

conditions. Leaf samples from both control and water stressed
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plants were collected on days 1, 5, 10, 15 and 18 of the treatment

(Figure 1). The collected leaves were rinsed with RNase-free water

and immediately frozen in liquid nitrogen and stored at −80°C for

further analysis. The experimental setup consisted of three

replicates per treatment.

Real-time analysis was conducted using the Rotor-Gene Q

apparatus from QIAGEN with the QuantiFast SYBR Green PCR

kit (Qiagen). The PCR reaction, in a total volume of 10 ml,
comprised 100 ng of cDNA, 5 μl of 2X SYBR Green and 0.5 μM

each of forward and reverse primers. The reaction followed a

temperature protocol of 5 minutes at 95°C, succeeded by 40

cycles of 10 seconds at 95°C, 30 seconds at 60°C and 20 seconds

at 72°C. Post the 40 cycles, specificity of the amplifications was

verified by heating the samples from 60°C to 95°C. For each sample

3 technical replicates were employed and the Ct values were used for

the analysis. No Template Control (NTC) and No Reverse

Transcriptase Control (NRT) were tested for each primer pair to

rule out non-specific amplification and the presence of residual

genomic DNA in the sample. Actin gene 5’ ACATCCGCTGG

AAGGTGC 3’ (F), 5’ TCTGTATGGTAACA TTGTG 3’ (R) was

used as the internal control. The primers used for the analysis are

listed in Supplementary Table 1. The relative gene expression was

calculated using the 2−DDCt method (Livak and Schmittgen, 2001).
3 Results

3.1 Physiological responses of stress

Black pepper accession 4226 exhibited significant physiological

and biochemical changes in response to drought stress (Table 1).
FIGURE 1

Test and control plants of IISR-Thevam & Panniyur-I.
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After 18 days of water deficit, relative water content (RWC)

declined from 94.2% to 80.0%. Stomatal density remained high

(61.2 stomata/10x field).
3.2 Anatomy of leaf stomata

Accession 4226 exhibits a stomatal frequency of over 70 per 204

mm². While stomatal length remains unchanged following drought

treatment, stomatal width decreased compared to the

control (Figure 2).
3.3 Biochemical responses of stress

At the end of 18 DAS, proline content increased from 65.3 to

151.5 μg/g. Similarly, abscisic acid (ABA) levels rose from 23.5 to

29.8 ppb. A notable increase in malondialdehyde (MDA) levels

(21.3 to 53.8 μg/g) was observed. Antioxidant enzyme activity

showed differential responses. Glutathione S-transferase (GST)

activity increased significantly from 41.0 to 822.0 units.

Meanwhile, monodehydroascorbate reductase (MDHAR) activity

rose from 87.0 to 103.3 units, while ascorbate peroxidase (APX)

activity remained relatively stable (696.6 to 675.0 units). However,

glutathione reductase (GR) activity decreased from 232.6 to 72.6

units. Photosynthetic pigments were affected, with total chlorophyll
FIGURE 2

Variations in stomatal aperture size at corresponding stress levels (A) Control (B) 14 DAS. The image taken observed using a Leica compound
microscope (×400) (scale bars = 20 µm).
TABLE 1 Physiological and biochemical parameters of control and water
stress induced plants.

Accession 4226 Control 28 days after stress (DAS)

Petiole length (cm) 3.8

Internodal length (cm) 6.0

stomata (10x) 61.2

Epicuticular wax (μg/
cm2

3.7

RWC (%) 91.2a 80.0b

Proline (ug/g) 65.3a 151.5b

Total chl (mg/g) 2.7a 2.1b

Chla/chl b 3.3a 4.2b

MDA (ug/g) 21.3a 53.8b

Total sugars (%) 1.5a 1.7b

Carotenoids (mg/g0 1.0a 0.8b

ABA (ppb) 23.5a 29.8b

GST activity 41.0a 822.0b

MDHAR 87.0a 103.3b

Ascorbate peroxidase 696.6a 675.0b

Glutathione reductase 232.6a 72.6b
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content decreasing from 2.7 to 2.1 mg/g, while the chlorophyll a/b

ratio increased from 3.3 to 4.2. Carotenoid levels also declined

slightly from 1.0 to 0.8 mg/g. These findings (Table 1) suggest that

black pepper accession 4226 employs a combination of osmotic

adjustment, antioxidant defense mechanisms and hormonal

regulation, to cope with drought stress.
3.4 Illumina paired end sequencing

Paired-end sequencing of drought-induced and control RNA

samples was performed using the Illumina HiSeq 2000 platform,

with library preparation carried out using the TruSeq RNA Sample

Prep Kit v2, generating 101 bp read lengths. The FASTQ files from

all samples used in the transcriptome analysis have been deposited

in the Sequence Read Archive (SRA) at the National Center for

Biotechnology Information (NCBI) under BioProject

PR JNA5 1 5 3 6 6 , w i t h B i o S amp l e s SAMN10 7 5 4 2 5 1

and SAMN10754252.
3.5 Bioinformatics analysis

The raw reads in FASTQ format were processed using MultiQC,

which is designed to provide quality control checks on raw sequence

data from high-throughput sequencing pipelines. The control and

drought samples consisted of 32772362 and 29735278 sequences

respectively with a GC content of 46%. The detailed statistics of the

samples are provided in Table 2.

The reads were mapped against the reference genome of Black

pepper to assess their alignment and coverage. The mapping

process revealed high-quality alignments for both control and

drought-induced samples. The mapping results confirmed the

quality of the sequencing data and its suitability for further

downstream analyses. The mapping statistics are provided

in Table 3.
3.6 SNP and variant analysis

The SNP analysis revealed significant genetic variations

between control and drought-induced conditions (Table 4). The

total number of SNPs increased from 143,787 in control plants to

204,464 under drought conditions. A substantial increase in

upstream (29,748 to 43,023) and downstream (27,587 to 29,122)

variants was observed, highlighting potential regulatory

modifications that may influence gene expression. The number of
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exonic mutations also increased, with stop-gain variants rising from

428 to 572 and stop-loss variants increasing from 146 to 182.

Additionally, synonymous SNPs increased from 28,009 to 42,152,

while missense variants showed a notable rise from 29,982 to

46,667. The number of intronic SNPs increased from 16,339 to

26,460, along with an increase in splicing variants from 279 to 387.

Furthermore, intergenic SNPs increased from 4,842 to 6,773.
3.7 Differential expression analysis

Ht-Seq provided a comprehensive measure of gene expression

levels, facilitating subsequent differential expression analysis. EdgeR

provided statistical routines for determining differential expression

in digital gene expression data using a model based on the negative

binomial distribution. Genes with an adjusted p-value < 0.05 and |

log2 fold change| > 1 were deemed significantly differentially

expressed. A total of 3472 genes were found to be expressed in
TABLE 2 Quality control and read statistics of transcriptome.

Sample Total
sequences

Percentage of
duplications

Sequence
length

Percentage of GC
content

MSeqs Q30

Control 32772362 45 99 46 16.5 40

Drought-
induced

29735278 43 99 46 20 40
frontie
TABLE 4 Variant analysis of control and drought induced samples.

Variant Control Drought-
induced

Upstream 29748 43023

Exonic Stop gain 428 572

Stop loss 146 182

Synonymous 28009 42152

Non-synonymous

Intronic 16339 26460

Splicing 279 387

Downstream 27587 29122

Missense variant 29982 46667

Intergenic 4842 6773

Total 143787 204464
TABLE 3 Statistics of aligned paired-end reads to the reference genome.

Sample Number of
Reads

Number of
Mapped Reads

Mapping
percentage

Control 16,386,181 13,665,261 83.4 %

Drought-
induced

19,867,639 16,729,004 84.2 %
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the samples out of which 1512 and 1960 number of genes were

upregulated and downregulated respectively (Figure 3).
3.8 Functional annotation of differentially
expressed genes

Taxonomic annotation of the identified differentially expressed

sequences revealed a diverse distribution across multiple taxa. Most

annotated sequences belonged to streptophyta. Within this group,

notable classifications included fabids (558) and liliopsida (444).

Additionally, specific orders such as brassicales (73), poales (81),

asterids (95) and eukaryota (15). A total of 214 sequences remained

unclassified and were grouped as “others,” indicating the presence of

novel or less-characterized sequences. This taxonomic distribution

suggests that the annotated sequences are predominantly derived from

higher plants, reinforcing their relevance to plant genomic studies.

The DEGs were classified into the three categories of gene

ontology terms, biological process, cellular component and

molecular function. Out of all the DEGs, 1478 were not annotated

to any GO terms. The functional annotation of transcripts revealed a

total of 7,460 Gene Ontology (GO) terms. The plasma membrane

(GO:0005886), nucleus (GO:0032991) and cytosol (GO:0005829)

were the most enriched cellular component categories, highlighting

the functional significance of these compartments in stress response

and regulatory mechanisms. Other key components included

plasmodesmata (GO:0009910), which are essential for intercellular

communication, and chloroplast-related annotations (GO:0009570,

GO:0009507, GO:0009941), reinforcing the role of photosynthetic
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machinery under drought stress. Additionally, mitochondrial

functions (GO:0005739) and organelle sub-compartmentalization

(GO:0009535) suggest active metabolic and energy-associated

processes. In the biological process category the genes were mostly

enriched in heat, cold, salinity, water deprivation stress related

processes (GO:0009414; GO:0005773; GO:0009651; GO:0009409;

GO:0009408) and absicissic acid (GO:0009737). Under the

molecular function category of, heterocyclic compound binding

(GO:0042802), mRNA binding (GO:0006446), DNA-binding

transcription factor activity (GO:1901363) homodimerization

activity (GO:0042803) were the processes with highest gene

enrichment. Out of the differentially expressed genes, 440 genes

were annotated to the category of stress. (Figure 4).
3.9 Pathway analysis of differentially
expressed genes

To comprehensively understand the active biological

pathways in differentially expressed genes (DEGs) of Black

Pepper Accession 4226 under drought conditions and to

identify key stress-related pathways, KEGG pathway enrichment

analysis was performed based on the expression profile. The

results indicated that 1,402 DEGs were annotated to 1,034

metabolic pathways in the comparison between control and

drought-treated samples of Black Pepper Accession 4226.

Among these, 616 upregulated DEGs were associated with 543

metabolic pathways, while 786 downregulated DEGs were linked

to 645 metabolic pathways.
FIGURE 3

Heatmap of top 20 genes in various processes of drought stress. (a) Drought perception and initial response, (b) Osmoregulation, (c) Antioxidant
defense and metabolic adjustments, (d) Energy production and metabolic regulation, (e) Structural and physiological adaptations (f) Protein stability
and stress recovery.
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3.10 Transcription factor analysis of
differentially expressed genes

Transcription factors (TFs) play a crucial role in plant stress

tolerance by acting as upstream regulators that modulate gene

expression in various metabolic pathways. We also analyzed the

expression profiles of TFs across different processes to assess the

complexity of the drought signaling pathway network. A total of

139 genes encoding putative TFs were identified. Five transcription

factor (TF) families accounted for 36% of the identified groups, with

bHLH (13 genes), ERF (12 genes), NAC (11 genes),WRKY (8 genes)

and G2-like (7 genes) playing key roles in enhancing drought stress

tolerance. 52 transcription factors were upregulated while 86

transcription factors were downregulated. Top five downregulated

transcription factors belonged to MYB, C2H2, ERF, RAV and MYB

families while top upregulated TFs belonged to bHLH, E2F/DP,

LBD, CO-like, ERF families (Figure 5).
3.11 Interaction between stress related
genes

To elucidate the role of genes in regulating the drought response

at the protein level, a protein-protein interaction (PPI) network was

inferred from the identified DEGs by mapping them to their known

or predicted protein products using interaction databases. This

approach integrated data from text mining, experimentally

validated interactions, and co-expression networks, with the

default median confidence level applied to ensure interaction

reliability. The homologs of potential DEGs were identified from

the Arabidopsis database and analyzed using the STRING database.

The network consisted of 138 number of nodes, 140 edges with
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average node degree 2.03, average local clustering coefficient 0.378

and protein-protein interaction enrichment p-value of 1.11e-

16 (Figure 6).
3.12 Cis-acting elements in promoter
regions

To investigate the regulatory landscape of candidate genes

under stress and hormonal conditions, a comprehensive analysis

of cis-acting elements in the 2.0-kb upstream promoter regions was

performed. As shown in the Figure 7 and Supplementary Table S2

various cis-acting elements are predicted in relation with plant

stress and hormone responses. Among the stress-related elements,

light responsiveness was the most abundant, with 102 elements

distributed across all genes, followed by anaerobic induction (27)

and low-temperature responsiveness (3). 50s_r_prtn and RUBISCO

showed the highest number of light-responsive elements (14 and 13,

respectively). RUBISCO_S, and GIB67 showed notable counts of

anaerobic induction-related elements (5–6 each), indicating

potential roles in hypoxia or water stress adaptation. In hormone-

related elements, MeJA-responsiveness was the most enriched with

34 elements, followed by abscisic acid and auxin-responsive

elements (13 each). The gene GIB67 contained the highest

number of hormone-responsive elements (8 MeJA-related

elements), indicating its possible role in stress hormone signalling.
3.13 Validation of DEGs

All five upregulated genes from the transcriptome exhibited

higher expression in drought tolerant IISR Thevam compared to
FIGURE 4

Gene Ontology and KEGG Pathway analysis of DEGs (a) Biological Process (b) Cellular Component (c) Molecular Function (d) KEGG Pathways.
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susceptible Panniyur 1 (Figure 8). The peak expression levels

occurred on the 15th day of drought treatment, after which all

gene expressions began to decrease by the 18th day. For

RUBISCO_S, the highest expression was observed in the 15th day

sample of IISR Thevam, with a 749.6-fold increase, followed by the

15th day sample of Panniyur 1, which showed a 418.76-fold

increase. Similarly, 50S-RP displayed its highest expression in the

15th day samples, with a 33.82-fold increase in IISR Thevam and a

25.1-fold increase in Panniyur 1.
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For SPX, the expression was higher compared to the control, with

the highest expression observed on the 10th day in Panniyur 1 (2.92-

fold), followed by the 15th day in IISR Thevam (1.84-fold). In the case

of C-isozyme1, the highest expression was recorded on the 10th day in

Panniyur 1 (107.63-fold), followed by the 15th day in the same

genotype (64-fold). For Defensin-J1, the highest expression was in

IISR Thevam on the 15th day (5.94-fold), while Panniyur 1 showed a

3.94-fold increase. Expression of RUBISCO-S was found to be

consistent in the transcriptome as well as qPCR analysis and is an
FIGURE 5

Distribution of various parameters in the transcriptome (a) Taxonomy of DEGs (b) Transcription Factor Families (c) KEGG annotation (d) Number of
GO Terms (e) COG Categories.
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FIGURE 6

STRING mapping of DEGs in drought stress and their characteristic roles in various physiological processes in drought.
FIGURE 7

Cis-acting elements identified in the 2kb upstream region of the different genes.
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ideal target to incorporate in the study of stress mechanism. The

ZAT10 gene, encoding a C2H2-EAR zinc finger protein, plays a critical

role in plant responses to abiotic stresses, including drought.

The downregulated genes—RUBISCO, MYB101, SGNH, GIB67

and ZFP—had maximum expression levels of 0.55, 0.48, 0.47, 0.24

and 0.64-fold, respectively (Figure 8). The study indicates the

uniform expression patterns of genes in drought tolerance in two

tolerant genotypes of black pepper, IISR-Thevam and Accession

4226 by low and high throughput methods.
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4 Discussion

Black pepper is highly susceptible to drought stress, which

significantly impacts its growth, yield, and secondary metabolite

production. This study provides crucial insights into the molecular

and physiological adaptations of black pepper under drought stress,

highlighting the importance of transcriptomic changes and genetic

variations in drought tolerance. Leaf biochemical parameters

revealed an adaptive response to drought. To cope with water
FIGURE 8

qPCR validation result of top five DEGs (a) upregulated (b) downregulated.
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scarcity, the plant employs various physiological and molecular

mechanisms, including the activation of drought-responsive genes,

transcription factors, and antioxidant defence pathways. The

decline in relative water content after 18 days of water deficit

suggests a moderate level of dehydration tolerance in black pepper.

Under drought stress, significant physiological and biochemical

changes were observed in the drought-tolerant black pepper

accession 4226. Relative water content (RWC) declined from

91.2% to 80.0%, relatively low decline, indicating a better

dehydration tolerance and an effective water conservation

mechanisms (Farooq et al., 2009). Stomatal density remained

relatively high (61.2 stomata/10x field), but reduced stomatal

width during water stress (Figure 2) may aid in controlled

transpiration under stress. The presence of leaf wax (3.7 μg/cm²)

may also provide cuticular protection for water conservation

(Kosma et al., 2009). Proline content more than doubled (65.3 to

151.5 μg/g), highlighting its role in osmotic adjustment and cellular

protection under stress conditions (Ashraf and Foolad, 2007).

Increase in soluble sugar content from 1.5 to 1.7% during water

stress also contributes significantly to osmotic adjustment (REF). It

has also been observed (though not studied here) that total amino

acids significantly increased (Krishnamurthy et al., 2016) under

water stress in black pepper which again points to osmatic

adjustment. A decrease in total chlorophyll from 2.7 to 2.1 mg/g,

alongside an increase in the Chl a/b ratio (3.3 to 4.2), suggests

selective degradation of chlorophyll b and preservation of

photosynthetic efficiency (Anjum et al., 2011). Meanwhile, a

noticeable rise in MDA levels (21.3 to 53.8 μg/g) reflected

increased oxidative stress, but elevated GST activity (from 41.0 to
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822.0 units) suggests an efficient detoxification response (Gill and

Tuteja, 2010). ABA levels also showed a mild increase (25.5 to 29.8

ppb), indicating enhanced drought signalling (Cutler et al., 2010).

While total sugars and MDHAR levels increased modestly,

glutathione reductase activity declined markedly (232.6 to 72.6

units), pointing towards a shift in redox balance and possible

prioritization of alternate antioxidant pathways (Noctor et al.,

2012). These cumulative adjustments emphasize the complex but

coordinated response of black pepper to drought, involving water

conservation, osmoprotection, hormone signalling, and ROS

detoxification mechanisms, though abscisic acid mediated stress

tolerance seems to have a limited role as indicated by very mild

increase in ABA levels during stress and the same has been noticed

in our earlier studies also. The schematic representation of the

combined activity of the various responses is depicted in Figure 9.

The presence of differentially expressed genes (DEGs) in

drought-treated plants indicates the activation of protective

mechanisms, such as stress-responsive transcription factors,

osmoprotectant synthesis, antioxidant pathways and signal

transduction processes. The role of each gene and their

significance in the mechanism of drought response is described

below. These mechanisms collectively help to mitigate the adverse

effects of water scarcity through complex regulatory networks.

KEGG pathway analysis of DEGs has identified key metabolic

and signalling pathways activated during drought stress, shedding

light on molecular interactions and functional adaptations.

Similarly, Gene Ontology (GO) classification categorizes drought-

responsive genes based on biological processes, molecular

functions, and cellular components, further aiding in the
FIGURE 9

Schematic comparison of the responses of Accession 4226 to drought at physiological, biochemical and molecular level.
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understanding of their specific roles in stress tolerance. Among the

442 stress-related and characterized genes identified from the

transcriptome, distinct categories of genes contributing to

drought stress were classified as given below.
4.1 Drought perception and initial response

The initial perception of drought stress in plants involves rapid

signalling events mediated by abscisic acid (ABA) accumulation,

reactive oxygen species (ROS) production, and phosphatase

activity. These processes collectively trigger stomatal closure,

activate stress-responsive genes, and initiate downstream

protective mechanisms to mitigate water loss and cellular damage.

Osmotic adjustment also plays a key role in stress tolerance. The

high stomatal density as observed in Accession 4226 may not be a

desirable trait under water stress but drastic reduction in stomatal

width under water stress helps to conserve water, potentially aiding

in water-use efficiency and mitigating excessive water loss under

drought conditions. The rise in abscisic acid (ABA) levels from 23 to

29.8 ppb though suggests enhanced drought signalling, it indicates

that ABA may not have a major role in stress response, rather

osmotic adjustment and anti oxidant defense mechanism control

drought tolerance. ABA serves as a central signalling molecule in

drought-induced stomatal regulation, with genes such as

CYP707A2 playing a role in ABA catabolism (Mega et al., 2015).

EDR1, encoding a CTR1-like kinase, negatively regulates stress

responses, while CIPK1 suppresses ABA signalling, thereby

limiting drought tolerance (You et al., 2023)). Other regulatory

elements, including ADC, NAC5, and WRKY60, contribute to

osmotic adjustment, stress-related gene expression, and ABA

signalling modulation (Shinozaki et al., 2003; Chen et al., 2010;

Song et al., 2011). The role of protein phosphatases, including PP2C

family members, further underscores the intricate regulation of

drought responses (Hussain et al., 2017).
4.2 Osmoregulation

The significant increase in proline content from 65.3 to 151.5

μg/g highlights its role as a key osmoprotectant, aiding in cellular

osmotic adjustment under drought stress. The increase in soluble

sugar content also contribute to osmotic adjustment. The role of

sugar alcohols such as mannitol and sorbitol in stress tolerance is

well documented. AGPase plays a key role in starch biosynthesis,

with differential regulation across tissues under drought conditions,

while BAM1 contributes to transitory starch breakdown to support

proline biosynthesis (Zanella et al., 2016). The NF-Y transcription

factor enhances root growth and drought resistance by modulating

indoleacetic acid transport via an ABA-mediated pathway (Han

et al., 2020; Zhou et al., 2020). In accession 4226, upregulation of

PDH, involved in proline catabolism, aligns with stress response

patterns observed in other drought-tolerant plants (Furlan et al.,
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2020). Additionally, the accumulation of ATHB12 mRNA under

drought stress and ABA treatment mirrors upregulation patterns in

the transcriptome (Lee and Chun, 1998). Glycogen synthase kinases

(GSKs/SKs), which exhibit distinct expression patterns under

abiotic stress conditions, were under-expressed in the black

pepper transcriptome, suggesting their role in stress adaptation

(Zolkiewicz and Gruszka, 2022).
4.3 Antioxidant defense and metabolic
adjustments

Drought stress triggers metabolic and antioxidant responses

that counteract oxidative damage and maintain cellular stability.

The substantial increase in malondialdehyde (MDA) levels from

21.3 to 53.8 μg/g indicates heightened oxidative stress under

drought conditions. However, the activation of antioxidant

defence mechanisms as indicated by increased activities of GST

and MDHAR and the maintenance of ascorbate peroxidase activity

likely helped in mitigating oxidative damage, maintaining cellular

integrity despite the stress. The flavonoid biosynthesis pathway

plays a crucial role in antioxidant defence, with genes such as

anthocyanidin 3-O-glucosyltransferase, UDP-glycosyltransferase

73C5, and RHM1 showing downregulation, suggesting a shift in

metabolic priorities (Oka et al., 2007; Tanaka et al., 2008; Yonekura-

Sakakibara et al., 2019). Lignin biosynthesis, a key factor in drought

adaptation, is modulated through the activity of caffeic acid 3-O-

methyltransferase and phenylalanine ammonia-lyase, with changes

in expression indicating potential shifts toward structural

fortification, specifically, thicker or more lignified cell walls as

part of the plant’s adaptive response to water deficit (Boerjan

et al., 2003; Vogt, 2009). Terpenoid biosynthesis, particularly

through germacrene D synthase, is upregulated, highlighting its

role in antimicrobial defence and drought adaptation (Wang and

Huo, 2022). The significant increase in glutathione S-transferase

(GST) activity underscores its crucial role in detoxification and

oxidative stress management under drought conditions, aiding in

cellular protection and stress tolerance. The decline in glutathione

reductase (GR) activity suggests a potential shift in redox

homeostasis, which may impact the plant’s ability to regenerate

reduced glutathione and maintain oxidative stress balance under

drought conditions (Foyer and Noctor, 2005).
4.4 Energy production and metabolic
regulation

Drought stress significantly alters energy production pathways,

influencing key metabolic processes. Pyruvate metabolism, a critical

link between glycolysis and the TCA cycle, is affected by the

upregulation of genes such as probable sodium/metabolite

cotransporter BASS2 and enolase, suggesting enhanced energy

mobilization (Plaxton, 2004). In contrast, the downregulation of
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phosphoenolpyruvate carboxylase 2 and glycerate dehydrogenase

indicates shifts in carbon fixation and photorespiratory adjustments

(Chen et al., 2017). Fatty acid metabolism, a key alternative energy

source, is modulated through lysophospholipid acyltransferase and

enoyl-CoA hydratase/isomerase, highlighting increased lipid

metabolism to compensate for energy deficits (Theodoulou and

Eastmond, 2012). Additionally, the regulation of nucleotide

metabolism, particularly through genes such as mediator of RNA

polymerase II transcription subunit 15a and adenylate kinase 4,

plays a role in maintaining ATP homeostasis and transcriptional

regulation under stress (Bennett et al., 2020).
4.5 Structural and physiological
adaptations

Drought stress leads to structural and physiological adaptations

that help plants maintain integrity under water-limiting conditions.

Drought stress led to a decline in total chlorophyll content,

suggesting a reduction in photosynthetic capacity. However, the

increase in the chlorophyll a/b ratio indicates the selective

degradation of chlorophyll b, which may help optimize light

absorption under stress conditions. Chlorophyll metabolism is

significantly affected, with protochlorophyllide reductase and

chlorophyllide a oxygenase upregulated, suggesting an adaptive

response to regulate chlorophyll biosynthesis and maintain

photosynthetic efficiency (Kobayashi et al., 2013). Photosystem I

subunit O and NDH subunit of subcomplex B 2 are upregulated,

enhancing cyclic electron flow and energy generation during

drought stress (Yamori et al., 2011). The fall in carotenoid levels

suggest a potential reduction in photoprotection but the decrease is

not significant, suggesting better photoprotection as under normal

conditions. Cuticle and wax biosynthesis are modulated, with genes

such as CER3 and 3-ketoacyl-CoA synthase downregulated,

indicating a potential reduction in cuticle reinforcement and

increased water loss (Kosma et al., 2009) but the cuticular wax

may still regulate water loss during drought stress. Additionally, cell

wall remodelling is evident, with upregulation of genes such as

endo-1,4-beta-xylanase 1 and pectin methylesterase 61, suggesting

modifications in cell wall composition to enhance stress resilience

(Wolf et al., 2012). Lysosome-mediated protein degradation,

indicated by upregulated protease inhibitor precursor expression,

plays a crucial role in maintaining protein homeostasis (Moloi and

Ngara, 2023). The reduction in stomatal width during drought is an

advantageous trait, indicating a more efficient stomatal closure

mechanism. This helps minimize water loss through

transpiration, thereby conserving water for essential metabolic

processes, thus maintaining growth under water stress.
4.6 Protein stability and stress recovery

In addition to gene expression changes and signaling pathways

that mediate drought responses, the stability and proper functioning
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of proteins under stress conditions are equally critical. Drought

stress can cause protein denaturation, misfolding, and degradation,

which compromise cellular homeostasis and recovery (Kosová et al.,

2011). Therefore, maintaining protein stability and enabling

efficient post-stress recovery mechanisms represent another

crucial layer of drought tolerance. Chaperones and heat shock

proteins (HSPs) play a crucial role in maintaining protein stability

under drought stress by assisting in protein folding, preventing

aggregation, and facilitating stress recovery. The upregulation of

chaperone protein DnaJ 20 and AAA-ATPase At5g57480 suggests

an increased demand for molecular chaperones to mitigate protein

misfolding and degradation (Chen et al., 2004). Similarly,

chaperone protein DnaJ GFA2 and CHAPERONE-LIKE

PROTEIN OF POR1 exhibit increased expression, indicating a

role in proteostasis maintenance in chloroplasts and mitochondria

(Christensen et al., 2002). The downregulation of DnaJ 8 and other

members of the DnaJ family suggests functional specialization in

drought response mechanisms (Zhou et al., 2012). Heat shock

proteins such as Hsp20/alpha crystallin family protein are

upregulated, reinforcing their role in stabilizing proteins against

drought-induced denaturation (Sun et al., 2002). Collectively, these

findings highlight the dynamic role of chaperones, heat shock

proteins, and protein-protein interactions in enhancing black

pepper’s resilience to drought stress.
5 Conclusion

This study highlights the complex molecular mechanisms and

physiological adaptations in black pepper (Piper nigrum L.) under

drought stress, focusing on the comparative analysis of contrasting

genotypes, IISR Thevam and Accession 4226 against Panniyur 1. By

employing transcriptomic and gene expression analyses, we

identified key differentially expressed genes (DEGs) that play

critical roles in stress tolerance. Notably, IISR Thevam exhibited

higher expression of drought-responsive genes, including

RUBISCO-S, 50S-RP, SPX and Defensin-J1, which are associated

with photosynthetic carbon assimilation, drought-induced

regulation of ribosomal protein synthesis, phosphate signaling

and homeostasis under water deficit conditions, and stress-

responsive antimicrobial defense, respectively. The contrasting

performance of IISR Thevam and Panniyur 1 underlines the

genetic basis of drought tolerance in black pepper and reinforces

the significance of genetic diversity in breeding programs. The

superior drought adaptability of IISR Thevam, as evidenced by

sustained gene expression and enhanced physiological responses,

positions it as a valuable resource for developing drought-resilient

varieties. Overall, this study provides foundational insights into the

molecular basis of drought stress tolerance in black pepper. The

identified genes and pathways serve as potential targets for genetic

improvement, facilitating the development of high-yielding,

drought-tolerant cultivars to ensure sustainable black pepper

production amidst the challenges posed by climate change and

are available at http://14.139.189.24/transcriptome/.
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