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Abstract: Alkaloids are a class of secondary metabolites that play multifaceted roles in plant physiol-
ogy, including defense mechanisms and interactions with other organisms. The alkaloids from Piper
retrofractum (Javanese long pepper) fruits offer potential alternatives to synthetic pesticides due to
their natural origin and insecticide properties. However, information on particular alkaloid biosynthe-
sis pathways is required to enhance individual alkaloid production via metabolic engineering. Here,
we perform HPLC profiling to demonstrate that fruit ripening influences the alkaloid diversity in
P. retrofractum. De novo transcriptomic profiling of young, green mature, and red ripened fruits
revealed that the piperine biosynthesis pathway genes were highly upregulated in the mature fruits.
However, an enhanced accumulation of methyl piperate and guineensine in the ripened fruit was
observed, entailing ripening-related differential gene expression to synchronize the alkaloid biosyn-
theses. Gene expression clustering and functional enrichment analysis identified a large group of
genes involved in diverse biosynthetic processes explicitly enriched in the ripened fruits. A cohort of
genes encoding for “Alkaloid Biosynthesis”, remarkably upregulated in the ripening fruits, indicates
they may function directly in alkaloid diversity during a later stage of fruit development. This study
provides the basis for metabolic engineering to enhance alkaloid diversity and production.

Keywords: alkaloid; differential gene expression; Piper retrofractum; piperine; RNA-seq; transcriptome

1. Introduction

Plants are natural factories, producing diverse secondary metabolites, including al-
kaloids, terpenoids, and phenylpropanoids. These compounds exhibit a wide array of
biological activities that have the potential to improve human health through applications
in the pharmaceutical and food industries. The tradition of employing certain plants in tra-
ditional medicine finds ongoing validation as scientific investigation consistently confirms
their effects [1].

Piper retrofractum, or Javanese long pepper, is a tropical plant from the Piperaceae
family native to Southeast Asia. Many species of this family, such as Piper nigrum (black
pepper), Piper longum (Indian long pepper), and Piper methysticum (kava kava), have been
used in traditional medicine for centuries. P. retrofractum fruits are used as a spice in
cooking and have been reported to contain a wide range of biological activities, including
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antioxidant [2], anti-obesity activity [3], antifungal [4], antidiabetic [5], and antibacterial
properties [6].

One significant problem resulting in major crop loss worldwide is insect infestation.
The Food and Agriculture Organization (FAO) reported that insect pests cause between
20 and 40 percent loss of global crop production every year [7]. Synthetic chemical pesticides
can be applied to increase the quality of crop production. However, the continuous use
of these chemical pesticides resulted in environmental contamination. Moreover, it will
become increasingly challenging to manage the infestation because of reduced effectiveness
due to the development of pesticidal resistance from insect pests. Therefore, finding
alternatives to chemical pesticides is an urgent concern. Interestingly, several pieces of
evidence demonstrated insecticidal activity from P. retrofractum fruit extracted containing
a piperic acid derivative, methyl piperate, and the alkaloids piperine, pipernonaline, and
guineensine [8,9]. Therefore, unraveling the genes involved in the biosynthesis of these
pesticide alternatives is required for large-scale production through metabolic engineering.

The maturation of fruits in medicinal herbs is a multifaceted process that demands a
combination of physiological and morphological transformations and secondary metabolic
activities [10]. Generally, biosynthesis of alkaloids starts from primary metabolites such
as amino acids, organic acids, and sugars and is subsequently modified depending on
cell types, developmental stages, and environmental signals [11]. In the case of fruit
development, several lines of evidence suggest that alkaloid dynamics are related to this
event [12–15]. Unfortunately, there is a lack of available genomic information, specific
genes, and pathways involved in alkaloid diversity in P. retrofractum. However, a recent
study on the effects of P. retrofractum fruit maturity on piperine, a major pungent alkaloid,
suggested that the maturity stage significantly influenced the piperine content [16].

De novo transcriptome construction is typically conducted for gene discovery and
metabolic pathway reconstitution in non-model organisms. Subsequently, comparative tran-
scriptomic analysis can be employed to comprehensively understand how cells respond to
specific conditions [17]. Our previous studies successfully applied this method to compare
genome-wide gene expression in non-model organisms, including a microalga, Scenedesmus
acutus [17] and a legume crop, Vigna vexillata [18]. Therefore, de novo transcriptome analy-
sis and comparative transcriptome profiling could provide a basic understanding of the
molecular responses related to alkaloid dynamics in P. retrofractum.

This study aims to identify the genes and pathways involved in alkaloid diversity
from P. retrofractum fruits at different developmental stages using a combination of HPLC
profiling, de novo transcriptome construction, and a comparative transcriptomic approach.
This research has the potential to offer valuable insights into the genes and pathways
responsible for the diversity of alkaloids in P. retrofractum fruits.

2. Materials and Methods
2.1. Plant Materials

The plant variety employed in this study was collected from Bueng Kan province,
Thailand. While unpublished, our initial investigations indicated that this particular variety
demonstrated the highest efficacy in terms of pesticide activity. In order to explore the
potential connection between changes in alkaloid diversity and the advancement of fruit
development, we gathered young, mature, and ripened P. retrofractum fruits from plants
cultivated in outdoor soil at the National Corn and Sorghum Research Center in Nakhon
Ratchasima, Thailand. Concurrently, we collected young leaves from these same plants for
subsequent differential gene expression analysis.

2.2. HPLC Analysis

In this experiment, pooled samples (3–5 fruits) were used. The dried young, mature,
and ripened fruits of P. retrofractum were ground into a powder. Approximately 300 mg of
dried samples was extracted using maceration with hexane (1/10 w(g)/v(mL)) over seven
days. All crude extracts were filtered using vacuum filtration with a Buchner funnel, and
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the solvent was removed using a rotary evaporator (Heidolph, Germany) and stored at
4 ◦C in a refrigerator.

HPLC analysis was performed on Agilent 1200 series (Palo Alto, CA, USA) with
UV-diode array detector and Ascentis C18 column (150 × 4.6 mm, 5 µm particle size). An
aqueous solution containing 10 mM ammonium acetate (A) and MeOH (B) was used as
the eluent. The following elution system was applied: from 20–90% B within 7 min, from
90–100% B within 11 min, 100% B was kept for 5 min, and from 100–20% B within 5 min
with a flow rate of 1.0 mL/min. The injected concentration of the crude extracts was set
to 10 mg/mL in pure methanol (MeOH), and an injection volume was 20 µL (containing
0.2 mg of the crude extract). The wavelength of detection was set at 230 nm. All samples
were analyzed in triplicates. The peak at 10.08, 10.43, 13.29, and 16.04 min were identified
as piperine, methyl piperate, pipernonaline, and guineensine, respectively, compared with
the peak from each isolated compound [8].

2.3. RNA Extraction, Library Preparation, and Sequencing

Total RNA samples were extracted and treated with DNase using a GF-1 Total RNA
Extraction Kit (Vivantis, Shah Alam, Malaysia) according to the manufacturer’s protocol.
Three replicates of total RNA samples were used for transcriptome analysis. The integrity
of the RNA samples (RIN) was evaluated using an RNA 6000 Nano Kit on Agilent2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany). Samples with a RIN > 7 were used
for library construction. Next, 3 µg of total RNAs was used to generate a sequencing library
using an Illumina TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA)
following the manufacturer’s instructions. Libraries were sequenced by an Illumina NovaSeq
6000 System according to the manufacturer’s instructions. Sequencing was carried out using
a 2 × 150 bp paired-end (PE) configuration. Quality control filtering and 3′ end trimming
were analyzed using the FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html,
released date 5 January 2014) and Trimmomatic software (version 0.36) [19].

2.4. De Novo Transcriptomic Assembly

FASTQ files were assembled using Trinity [20]. The longest open reading frames
and amino acid sequences were obtained via Transdecoder [21]. The completeness of the
assembled transcriptome was further analyzed by BUSCO [22].

2.5. Ortholog Identification

Orthologs among P. retrofractum, P. nigrum, and A. thaliana (TAIR10) were assigned
by Orthovenn2 [23] using the default setting (e-value cut-off of 1 × 10−5 for all protein
similarity comparison and inflation value for the generation of orthologous clusters of 1.5).

2.6. Differential Gene Expression Analysis

For P. retrofractum, FASTQ reads and the assembled transcriptome were used to
generate read count data via SALMON [11]. For P. nigrum, FASTQ files were aligned to
the P. nigrum reference genome using HISAT2 [24]. Subsequently, the sequence alignment
(SAM) files were created and used to generate read count data via the HTseq library [25].
Differentially expressed genes were calculated using the edgeR program [26], with the
GLM (generalized linear model) method using an FDR cut-off of <0.05. Significant DEGs
were selected based on the FDR <0.0001 and were required to have at least one comparison
with a log2 fold change > 1 or <−1.

2.7. Gene Ontology Enrichment Analysis

Gene ontology was assigned via GOMAP [27] using Linux command lines. Gene
ontology enrichment analysis was performed using the GOHyperGAll function [28] in the
R environment. Significant GO terms were filtered using an adjusted p-value of <0.05.

http://hannonlab.cshl.edu/fastx_toolkit/index.html
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2.8. Cluster Analysis

Co-regulated genes were identified using fuzzy k-means clustering with Euclidean
correlation for the distance measure, a membership exponent of 1.1, a maximal number of
iterations of 5000, and 40 clusters [29]. The mean SLR value for each cluster was determined
for summary visualization.

3. Results
3.1. Fruit Ripening Affects the Alkaloid Diversity

To test whether alkaloid diversity changes are related to fruit ripening, we collected
P. retrofractum fruits at three developmental stages: young, mature, and ripened (Figure 1).
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Figure 1. Javanese long paper fruits. Representative of (A) young, (B) mature, and (C) ripened fruits.
Red arrows indicate particular developmental stages.

The dried young, mature, and ripened fruits of P. retrofractum were hexane extracted,
since we previously showed that almost all hexane-isolated compounds were alkaloids
except for methyl piperate [8]. Based on the HPLC profile compared to those isolated
compounds (Figure 2A), our results demonstrated the dynamic of alkaloid diversity during
fruit development. We focus on piperine, a major alkaloid found in the Piperaceae. Methyl
piperate, pipernonaline, and guineensine were also evaluated due to their insecticidal ac-
tivities [8]. Of these, quantitative analysis revealed that in young fruits, only pipernonaline
could be found (Figure 2B). In mature and ripened fruits, piperine was the most abundant,
followed by pipernonaline, guineensine, and methyl piperate, respectively, as indicated
by the integrated peak area (Figure 2B). The comparison between the integrated peak area
among the ripened and mature fruits revealed that methyl piperate and guineensine were
4.4- and 2.37-fold higher in the ripened fruit, respectively (Figure 2C). In contrast, the fold
changes of piperine and pipernonaline comparing the ripened and mature fruits were
lower (1.38 and 1.27-fold, respectively; Figure 2C). Together, these data indicate that fruit
developmental stages strongly affect alkaloid diversity.

3.2. De Novo Transcriptome Construction from P. retrofractum Fruits and Leaves

RNA-seq data from young, mature, and ripened fruits and young leaves were used
for de novo transcriptome construction. The transcriptome assembly yielded 181,299 genes
consisting of 373,782 transcripts with an average transcript length of 1140.35 bp
(N50 = 2091 bp) and GC content of 41.82% (Figure 3A; Supplementary File S1). Bench-
marking Universal Single-Copy Ortholog (BUSCO) assessment revealed 97.65% (415/
425 number of BUSCOs) completeness of the expected genes, 2.35% (10/425 number of
BUSCOs) fragmented genes, and no missing genes (Figure 3B), suggesting the reliability of
the assembled transcriptomic data.



Int. J. Plant Biol. 2023, 14 900

1 
 

 

 

Int. J. Plant Biol. 2023, 14, FOR PEER REVIEW 5 
 

 

 

Figure 2. Composition and quantification of n-hexane extract from young, mature, and ripened P. 

retrofractum fruits. (A) Representative HPLC profiles. Conditions: column, reversed-phase Ascentis 

C18 (150 mm × 4.6 mm i.d., 5μm); mobile phase, 10 mM aqueous ammonium acetate–methanol in 

gradient mode; flow rate, 1.0 mL/min; UV wavelength: 254 nm. (B) The quantitative peak area based 

on 0.2 mg of each extract on the flow rate separation shown in (A). Error bars represent standard 

deviation (n = 3). (C) Peak area comparison between ripened and mature fruits. p-values were cal-

culated via t-test (n = 3). 

3.2. De Novo Transcriptome Construction from P. retrofractum Fruits and Leaves 

RNA-seq data from young, mature, and ripened fruits and young leaves were used 

for de novo transcriptome construction. The transcriptome assembly yielded 181,299 

genes consisting of 373,782 transcripts with an average transcript length of 1140.35 bp 

(N50 = 2091 bp) and GC content of 41.82% (Figure 3A; Supplementary File S1). Bench-

marking Universal Single-Copy Ortholog (BUSCO) assessment revealed 97.65% (415/425 

number of BUSCOs) completeness of the expected genes, 2.35% (10/425 number of BUS-

COs) fragmented genes, and no missing genes (Figure 3B), suggesting the reliability of the 

assembled transcriptomic data. 

Figure 2. Composition and quantification of n-hexane extract from young, mature, and ripened
P. retrofractum fruits. (A) Representative HPLC profiles. Conditions: column, reversed-phase Ascentis
C18 (150 mm × 4.6 mm i.d., 5 µm); mobile phase, 10 mM aqueous ammonium acetate–methanol in
gradient mode; flow rate, 1.0 mL/min; UV wavelength: 254 nm. (B) The quantitative peak area based
on 0.2 mg of each extract on the flow rate separation shown in (A). Error bars represent standard
deviation (n = 3). (C) Peak area comparison between ripened and mature fruits. p-values were
calculated via t-test (n = 3).
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To perform functional characterization of the assembled transcriptome, the candidate
open reading frames (>100 amino acids; 198,548 protein-coding transcripts; Supplementary
File S2) obtained by Transdecoder were annotated using BLASTP to the Arabidopsis thaliana
proteins (TAIR10 version) and BlastKOALA [30] for KEGG Ortholog (KO) assignment and
KEGG mapping (Table S1).

3.3. Transcriptomic Reprogramming during P. retrofractum Fruit Development

Three biological replicates of young, mature, and ripened fruit samples were included
for differential gene expression analysis. Because a previous study involving black pepper
demonstrated that the gene expression level of piperine and piperamide syntheses was
nearly absent in young leaves [27], in this study, we contrasted the fruit transcriptome
with leaf to identify genes highly expressed in fruits but not in leaves. SALMON was
applied to generate highly accurate transcript-level quantification estimates from RNA-
seq data [11]. The number of reads generated by SALMON was acquired for differential
gene expression analysis using edgeR [26]. Differentially expressed genes (DEGs) from
six comparisons were calculated: young/leaf, mature/leaf, ripen/leaf, mature/ripen,
mature/young, and ripen/young. DEGs with significant changes in expression evaluated
based on the false discovery rate (FDR) < 0.0001 were kept for further analysis (Table S2).
Three out of six comparisons, young/leaf, mature/leaf, and ripen/leaf, were used to
identify DEGs highly expressed in fruits but not in leaves. However, the other three
comparisons, mature/ripen, mature/young, and ripen/young, were calculated to compare
expression across the developmental stages.

The number of DEGs from young/leaf, mature/leaf, and ripen/leaf are 2232, 2556,
and 7163, respectively (Figure 4A). The ripened fruits have approximately three times
the number of DEGs, indicating that fruit ripening strongly affects physiological and
molecular alterations.

To investigate the fruit developmental changes, GO enrichment analysis was per-
formed on up- and downregulated DEGs from young/leaf, mature/leaf, and ripen/leaf
comparisons (Table S3; Figure 4B). Interestingly, the “regulation of cellular macromolecule
biosynthetic process” GO term was associated with the upregulated DEGs in all three
fruit developmental stages (Figure 4B), whereas the “chlorophyll biosynthetic process”
was commonly downregulated at all three stages (Figure 4C). Intriguingly, among the
upregulated DEGs found only in mature/leaf (“232”) and ripen/leaf (“2131”) comparisons,
subsets of DEGs involving in “secondary metabolic processes” were identified (Figure 4B,C)
indicating the involvement of secondary metabolite biosynthesis during fruit development.

3.4. Cross-Species Transcriptomic Analyses Identified Piperine Biosynthesis Genes in P. retrofractum

To identify piperine biosynthetic genes in P. retrofractum, we began by assigning the
ortholog clusters among the two Piperaceae species, P. retrofractum and P. nigrum. For
the ortholog annotation purpose, the Arabidopsis representative genes were included
(Figure 5A; Table S4). The piperine biosynthetic pathway and sequences of piperine
biosynthetic genes were obtained from Schnabel et al. [31] (Figure 5B). We reanalyzed the
P. nigrum fruit RNA-seq data [31] using the complete reference genome [32] to obtain the
differential gene expression profiles (Table S5). The gene expression profiles were compared
among the two species. Of the four enzymes [31,33,34], CYP719A37, piperamide synthase,
and piperine synthase were upregulated in the P. retrofractum mature and ripened fruits
(Figure 5C).
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Figure 4. Differential gene expression during P. retrofractum fruit development. (A) The number of
upregulated and downregulated differentially expressed genes (DEGs) from fruits of P. retrofractum
under different developmental stages. (B) Upregulated and (C) downregulated DEGs and the top
two enrichment biological process GO terms. Data used to generate this figure can be found in
Tables S2 and S3.
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Figure 5. Identification of piperine and piperamide biosynthesis genes from P. retrofractum tran-
scriptome. (A) Ortholog identification among A. thaliana, P. nigrum, and P. retrofractum. (B) Piperine
and piperamide-related genes and their functions. (C) Comparison of the piperine and piperamide
biosynthesis gene expression data from this study (P. retrofractum) and black pepper (P. nigrum). Data
used to generate this figure can be found in Tables S2, S4 and S6. Yellow indicates upregulation, while
blue represents downregulation.

Similarly, in P. nigrum, their expressions were upregulated in the day (d) 40 fruits but
downregulated in d20 fruits (Figure 5C). Remarkably, in P. retrofractum, the expression
of CYP719A37, piperamide synthase, and piperine synthase was more upregulated in
the mature fruits compared to ripened fruits. As previously mentioned, HPLC profiling
demonstrated relatively small changes in piperine accumulation when comparing mature
and ripened fruits (Figure 1C). Presuming that transcript accumulation led to the biosyn-
thetic product formation, our results indicate that in P. retrofractum fruit, the biosynthesis of
piperine occurs predominantly in the mature stage.

3.5. A Group of Non-Piperine Alkaloid Biosynthesis DEGs was Explicitly Upregulated in the
Ripened Fruits

Since the coexpression of genes can be leveraged to build the gene expression network,
we applied fuzzy k-mean clustering analysis to identify genes that control P. retrofractum
fruit alkaloid diversity (Figure 6A). The fuzzy algorithm is classified as a soft clustering
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approach, which permits DEGs to be assigned to multiple clusters simultaneously. Con-
sequently, it becomes valuable for identifying genes influenced by numerous factors and
those that might encode a protein with more than one function. Our analysis included all six
DEG comparisons and the number of clusters and membership exponent was determined
through iterative experimentation. Ultimately, a total of 40 clusters was obtained as the
final outcome. Subsequently, GO enrichment analysis was conducted to reveal the enriched
functions (Table S6).
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We selected some clusters to describe here. Cluster 28 DEGs were highly expressed in
mature and ripened fruits, but their expression was higher in the mature fruits enriched
with the “alkaloid biosynthetic process” (Figure 6A; Table S6). Cluster 28 DEGs include
piperine and piperamide synthases and CYP719A37 (Table S6). Thus, this cluster is rep-
resentative of mature enriched piperine biosynthesis genes. Next, clusters 25, 27, 28, 30,
33, 36, 37, and 38 enriched with chloroplast-related GO terms were downregulated in
fruits, especially in the mature and ripened stages (Figure 6A; Table S6). Clusters 13 and
16, associated with the “ethylene biosynthetic process”, and cluster 6, associated with
“respiratory burst”, were upregulated in fruit, especially at the ripening stage (Figure 6A;
Table S6).

We focused on a cohort of DEGs from clusters 2, 4, 6, 8, 13, 16, 17, and 19. These
clusters are upregulated in fruits, indicating their roles in fruit development. However,
comparing the developmental stages, we found that their abundance appeared generally
higher in ripened fruits (Figure 6A). GO enrichment analysis reveals their function related
to multiple “Biosynthetic Process” GO terms, indicating that these DEGs are involved in
fruit-ripened metabolite production (Figure 6B; Table S7). Remarkably, DEGs related to the
“alkaloid biosynthetic process” were enriched in these clusters. These alkaloid biosynthetic
genes were non-piperine-related and included the benzyl alcohol O-benzoyltransferases,
3′-deamino-3′-oxonicotianamine reductase, pyridoxine 4-dehydrogenase, O-methyltransferase,
and cytochrome P450 (Figure 6C).

4. Discussion

Alkaloid diversity undergoes significant variations during fruit development, con-
tingent upon the plant species and the particular alkaloids present. Changes in alkaloid
diversity at different stages of fruit development have been reported in several plant species;
for example, chili (Capsicum chinense) [15], hawthorn (Crataegus pinnatifida var. major) [12],
and tomato (Solanum lycopersicum) [13,14]. This study constructed de novo transcrip-
tome and differential gene expression analysis to compare the gene expression profiles of
P. retrofractum fruits at different developmental stages (Figure 1).

Our results established that fruit developmental stages could affect the dynamic of
alkaloid diversity (Figure 2). A major alkaloid, piperine, had the highest abundance in
ripened fruits (Figure 2B). The piperine level in the ripened fruit was slightly higher than in
the mature fruits (Figure 2C). A study by Takahashi et al. [16] measuring the piperine level
in P. retrofractum fruits at the green, orange, and red maturity stages found that the level was
almost two times higher in the green maturing stage compared to the red maturity stage.
Therefore, Takahashi’s data similarly suggested that piperine accumulation mainly occurred
in the green maturing fruits. The observed variations in piperine contents in the red ripened
fruits in this study and Takahashi’s study could be attributed to differences in cultivars,
extraction/detection methods, and regional disparities. To support our hypothesis, the
piperine content exhibited variations ranging from 2.75% to 0.022%, as determined by
HPLC analysis across 24 distinct black pepper genotypes gathered from various locations
across India [35]. Additionally, Schnabel et al. [27] conducted a time course of piperine
accumulation in P. nigrum fruits and found no significant increase during the later stages of
fruit development. Together, these findings suggest that piperine biosynthesis primarily
occurs at the mature stages and demonstrate that the mechanism of piperine biosynthesis
may be conserved among the Piperaceae family.

Regarding the quality of our P. retrofractum transcriptome, Trinity statistics and BUSCO
assessments revealed that the assembled transcriptome could be used as a reference tran-
scriptome for gene identification (Figure 3). However, a high number of complete and
duplicated transcripts indicated that several isoforms of the same gene are included in
the assembled transcriptome (Figure 3B). On average, over four transcript isoforms were
reported per expressed gene in the plant model Arabidopsis [36]. These isoforms may
be caused by alternative splicing, alternative transcription initiation sites, and alternative
transcription termination sites.
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Fruit maturing and ripening resulted in fruit transcriptomic reprogramming (Figure 4).
The number of DEGs was almost three times higher in ripen/leaf compared to mature/leaf
and young/leaf, indicating a significant transcriptome adjustment at the ripening stage
(Figure 4A). The upregulation of the secondary metabolic process was explicitly observed in
mature/leaf (Padj 1.15× 10−14) and ripen/leaf (Padj 1.11× 10−40) comparisons (Figure 3B).
Since these two groups of DEGs do not overlap, these findings indicate that distinct
processes contributed to the secondary metabolite accumulation in mature and ripened
fruits. The commonly downregulated DEGs found in all stages of fruits are involved in
the chlorophyll biosynthetic process (Figure 4C), similar to the results observed in the
P. nigrum fruits [31].

Piperaceae exhibit a distinctive trait in their ability to biosynthesize significant quanti-
ties of piperine. Based on our results, we successfully identified key genes contributing
to piperine biosynthesis by integrating the previously characterized P. nigrum genome
information [32] and the P. nigrum fruit transcriptome data [31] (Figure 5). Interestingly, the
expression of these key piperine biosynthetic genes was more robustly induced in mature
fruits than in ripened fruits (Figure 5C). These findings support our idea that piperine
biosynthesis in P. retrofractum fruits predominantly occurs in the mature stage. It should
be noted that mRNA and metabolite accumulation, while linked through their roles in
gene expression and metabolism, serve unique roles in cellular biology. In our study, the
accumulation of piperine biosynthetic mRNAs reflects both gene transcriptional activity
and mRNA decay rates. In contrast, piperine accumulation provides a direct and dynamic
snapshot of cellular metabolic status.

Our results demonstrated that several biological processes contributed to the ripening
of P. retrofractum fruits. Fruits are typically categorized into two physiological groups,
climacteric and non-climacteric, based on their respiratory activity and the ethylene biosyn-
thesis profiles accompanying the ripening process [37]. Our results revealed the enrichment
of the ethylene biosynthetic process and respiratory burst in DEGs from the ripen-specific
clusters (Tables S6 and S7). These findings strongly indicate that P. retrofractum fruits
exhibit characteristics consistent with a climacteric nature, where ethylene biosynthesis
and respiratory burst are essential for fruit ripening.

Prior investigations across various plant species have indicated that the level of fruit
maturity may influence the synthesis of secondary metabolites [12–15]. Likewise, our
findings suggest that secondary metabolites were the most prominently enriched among
the various biosynthetic processes, mainly occurring in ripened fruits (Figure 6B).

Our study identified a cohort of non-piperine alkaloid biosynthesis DEGs particularly
associated with the P. retrofractum ripened fruits (Figure 6B,C). Of these, the benzyl alcohol
O-benzoyltransferases (BEBTs) represent a subset of the BAHD acyltransferase family. The
BAHD acyltransferases play a significant role in catalyzing acyl transfer reactions involving
alcohol and acyl-CoA substrates. Notably, BAHD acyltransferases can exhibit remarkable
versatility in accepting different substrates, leading to the synthesis of a diverse array of
compounds [38]. Evidently, in P. nigrum, among the two BAHD-like enzymes, piperine
and piperamide synthases, which catalyze the formation of piperine and piperamides, the
piperamide synthase exhibits greater substrate promiscuity than piperine synthase, as it
can accommodate various precursor molecules and catalyze their conversion into multiple
alkaloids [31].

Our results also recognized cytochrome P450 enzymes as a prominent factor influenc-
ing alkaloid diversity. Cytochrome P450 catalyzes a wide range of oxidative reactions, in-
cluding hydroxylation, epoxidation, dealkylation, and ring-cleavage reactions, essential to
forming structurally diverse alkaloids [39]. In addition, we identified three DEGs associated
with extensive alkaloid diversity. First, 3′-deamino-3′-oxonicotianamine reductase partici-
pates in the biosynthesis of alkaloids like nicotine [40]. Second, pyridoxine 4-dehydrogenase
relates to the biosynthesis of pyridoxine alkaloids [41]. Lastly, O-methyltransferases deliver
methyl groups to precursor molecules in alkaloid biosynthesis [42].
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We expect the basic knowledge obtained from this study will help enhance our under-
standing of the process related to alkaloid diversity and benefit alkaloid production via
metabolic engineering in the future.
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