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ABSTRACT: Zanthoxylum bungeanum is an edible and medicinal plant with great economic value in East Asia
due to high sanshool content in its pericarp. Sanshools not only provide a unique pungency in cuisine, but also
have potential for use in anaesthetics, anticancer drugs, and botanical safeners. In this study, to identify the
candidate genes related to sanshool biosynthesis, the transcriptomes of pericarps from three developmental stages were
comparatively analysed. According to differentially expressed gene (DEG) analysis, 2322 unigenes were upregulated or
downregulated significantly among the three types of pericarps and 176 of the DEGs were putative transcription factors
(TFs) belonging to 40 TF families. Furthermore, based on the chemical structure of sanshools and unigene annotation,
DEGs involved in the pathways of fatty acid biosynthesis and metabolism and amino acid transport were predicted.
These DEGs were related to sanshool biosynthesis and 12 candidate enzymes encoded by 18 unigenes were related
to the biosynthesis and metabolism of sanshools and identified and classified into three groups. This study provides
a global survey of gene expression patterns in pericarp development of Z. bungeanum, which offers clues regarding
important regulatory mechanisms, especially with respect to sanshool biosynthesis in the pericarp of Z. bungeanum.
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INTRODUCTION

The plants of Zanthoxylum, which belong to the fam-
ily Rutaceae, consist of approximately 250 species
and are distributed worldwide1. Zanthoxylum
bungeanum, usually called Sichuan pepper or Chi-
nese red pepper, is one of the most representative
species of Zanthoxylum in China and is mainly used
as a spice in Chinese cuisine and in traditional
herbal medicine for the treatment of stomachache,
toothache, diarrhoea, ascariosis, and colic. Like
other species in the Zanthoxylum genus, such as
Z. piperitum2, Z. heterophyllum3 and Z. armatum4,
the most valuable tissue of Z. bungeanum is the
pericarp which is rich in a number of bioactive
secondary metabolites, including coumarins, aro-
matic and aliphatic amides, alkaloids and lignans.
Among these metabolites, aliphatic amides, which
are classified as sanshools, are the major active
components. They have a unique pungent taste
and cause paresthetic sensations on the tongue5.
Furthermore, sanshools and their analogues have
been shown to induce apoptosis of human hepa-
tocarcinoma HepG2 cells and block expression of
the oncogene KCNK96, 7. Thus these compounds

have been considered potential anticancer drugs.
Sanshools have also been shown to reduce damage
to rice seedlings caused by metolachlor8.

Due to their potential economic value, many
studies have focused on separating sanshools and
their analogues, identifying their chemical struc-
tures9, artificially synthesising sanshools, and ex-
ploring their pharmacological effects10, 11. How-
ever, due to the lack of genomic information, molec-
ular synthesis pathways and the related genes re-
main to be elucidated.

To screen and identify the pathways and genes
related to the biosynthesis of secondary metabolites,
RNA-seq based on high-throughput sequencing
technology is a cost-effective and powerful tool to
obtain many transcripts from different tissues or the
same tissue from different developmental stages,
which can be used for differentially expressed gene
(DEG) analysis combined with Gene Ontology (GO)
classification and Kyoto Encyclopedia of genes and
Genomes (KEGG) pathway functional enrichment
analysis to identify key genes12–14. For example,
pathways and genes involved in the production of
secondary metabolites, such as flavonoid and stil-
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benoid biosynthesis in Gnetum parvifolium15, ter-
penoid and thenylpropanoid biosynthesis in Ananas
comosus16 and caffeine and theanine biosynthesis in
Camellia sinensis17 have been verified by compara-
tive transcriptome sequencing.

Herein, we used the Illumina HiSeq 2000 se-
quencing platform to obtain the pericarp transcrip-
tomes of Z. bungeanum during three different de-
velopmental stages (30, 50, and 90 days after flow-
ering [DAF30, DAF50, and DAF90, respectively])
to reveal gene expression patterns in the different
stages, analyse significantly affected pathways, and
identify the candidate enzymes related to sanshool
biosynthesis.

MATERIALS AND METHODS

Sample collection and preparation

Fresh pericarps at DAF30 with no numb taste,
DAF50 with light numb taste, and DAF90 with
strong numb taste were selected separately from the
Z. bungeanum cultivar ‘Shizitou’. All pericarps were
grown under natural conditions in the Z. bungeanum
demonstration station of Northwest A&F University
in Fengxian County, Shaanxi Province, China. The
pericarps from each developmental stage were ran-
domly collected from the same three individuals and
mixed together for determination of total acylamide
content, RNA isolation, and qRT-PCR.

Determination of total acylamide content

To ensure that the samples collected from the three
development stages were reasonable for compar-
ative RNA-seq analysis, the total acylamide con-
tent (Q) of each stage was determined by the
rapid formaldehyde titration assay and expressed as
mg/g. That is,

Q =
14.0067×2.2696× C T2(

∑

V3i/3)
T1T3

.

In this formula, V3i is the volume of NaOH solution
consumed in the determination of ammonium ni-
trogen content (ml); C is the accurate calibration
concentration of NaOH solution; T1 is the mass of
dry pericarp powder sample (g); T2 is the mass
of extract obtained from pericarp powder sample
(g); T3 is the mass of extract after the conversion
of acylamide to ammonium nitrogen (g); 14.0067
is the molecular weight of nitrogen and 2.2696 is
the adjusted coefficient. More detailed experimen-
tal methods and procedures were described in the
previous study18 and this experiment was carried
out on three technical replicates.

RNA isolation and transcriptome sequencing

Total RNA was extracted using TRIzol reagent (In-
vitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. After verifying RNA qual-
ity and quantity by 1% agarose gel and NanoPho-
tometer spectrophotometer (Implen NanoPhotome-
ter, Westlake Village, CA, USA), 2.0 µg of RNA was
used to construct cDNA libraries for each sample
of pericarp at DAF30, DAF50, and DAF90 as pre-
viously described19. Transcriptome sequencing was
conducted at Beijing Novogene Biological Informa-
tion Technology Co., Ltd., Beijing, China (www.
novogene.com) based on Illumina HiSeq 2000 plat-
form and the raw data were submitted to the
NCBI Sequence Read Archive with accession num-
ber SRP142080.

De novo assembly and unigene annotation

Sequencing data from the three developmental
stages were combined for assembly. Prior to as-
sembly, in-house perl script was used to filter the
adaptors, poly-N, and low-quality reads, follow-
ing which the generated clean reads were used
for De novo assembly by Trinity to produce tran-
scripts20. Then, these transcripts were clustered and
the longest transcripts in each cluster were extracted
as unigenes, which were further used as reference
sequences for DEG analysis.

All unigenes were annotated by comparison
against NR, SwissProt, PFAM, KOG, GO, and KO
protein databases using BLASTx and the nucleotide
database NT via BLASTn (E-values < 10−5). In
addition, the iTAK pipeline (bioinfo.bti.cornell.edu/
cgi-bin/itak/index.cgi) was used to identify candi-
date transcription factors (TFs) and classify them
into different families based on protein domains of
the unigenes.

Identification and classification of DEGs

RSEM21 and Bowtie22 were used to calculate tran-
script abundance. The expected number of frag-
ments per kilobase of transcript sequence per mil-
lions base pairs sequenced (FPKM) method was
used to normalize gene expression levels in the
three samples23. To analyse DEGs, we used the
trimmed mean of M values to standardize the read
count, and the DEGseq R package to select DEGs
with the following threshold: q-value < 0.005 and
|log2(fold change)| > 124. Expression levels of the
identified unigenes were calculated based on the
log2 FPKM value and the heat map was produced
using HemI software25.
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Fig. 1 Acylamide content of pericarps in the three devel-
opmental stages of Z. bungeanum.

To determine the DEGs that significantly cor-
related with biological functions, GOseq based on
Wallenius noncentral hypergeometric distribution
was used for GO enrichment analysis26 and KOBAS
software was used to test statistical enrichment of
these DEGs in KEGG pathways27.

qRT-PCR analysis

Unigenes coding for the enzymes involved in san-
shool biosynthesis and metabolism were selected for
validation by qRT-PCR. Gene-specific primers were
obtained using Primer3 (bioinfo.ut.ee/primer3) ac-
cording to the open reading frames of the target
genes. qRT-PCR was performed using SYBR Premix
ExTaq II (Takara Co., Ltd., Japan) in 10 µl volumes
on the CFX96 Real-Time PCR Detection System (Bio-
Rad) using the following program: 95 °C for 30 s,
followed by 40 cycles of 94 °C for 5 s, 55 °C for 30 s,
and 72 °C for 45 s. Three technical replicates and
three biological replicates were analysed for each
unigene. The relative expression of the test genes
in each sample was calculated using the 2−∆∆CT

method with the translation initiation factor gene
(TIF)28.

RESULTS AND DISCUSSION

Quantification of total acylamide content in
different developmental stages

Based on the extent of the numb taste, the three
developmental stages of pericarps were used to
investigate the acylamide content, which was deter-
mined to be highest in DAF90 (6.77±0.34 mg/g),
followed by DAF50 (2.86±0.62 mg/g) and DAF30
(0.38±0.18 mg/g) (Fig. 1). The increasing trend of
acylamide content was consistent with the degree of
numb taste, which indicated that the three chosen
developmental stages were appropriate.

Table 1 Summary of transcriptome sequencing data.

Sample Clean reads Clean bases Mapped reads

DAF30 62 518 534 9.38 Gb 40 953 294 (65.51%)
DAF50 72 341 948 10.85 Gb 47 612 244 (65.82%)
DAF90 55 039 716 8.26 Gb 35 591 716 (64.67%)

Table 2 Summary data of the assembled transcripts and
unigenes in Z. bungeanum.

Characteristic detail Transcripts Unigenes

No. of reads in 201–500 bp 156 030 123 567
No. of reads in 501–1000 bp 42 698 23 459
No. of reads in 1001–2000 bp 26 783 11 343
No. of reads in > 2000 bp 9941 4971
Total reads 235 452 163 340
Min length (bp) 201 201
Mean length (bp) 602 503
Median length (bp) 349 302
Max length (bp) 13 123 13 123
N50 (bp) 895 615
N90 (bp) 254 237

Total nucleotides (bp) 141 849 569 82 188 724

Sequencing and de novo assembly

Comparative analysis of the transcriptional profil-
ing derived from RNA-seq is a fast and efficient
way to identify candidate genes involved in target
pathways29, 30. In this study, three developmental
stages of pericarps (DAF30, DAF50, and DAF90)
were selected for transcriptome sequencing. Af-
ter filtering the raw data, 62 518 534, 72 341 948,
and 55 039 716 clean reads were obtained from
the DAF30, DAF50, and DAF90 samples, respec-
tively, generating approximately 28.49 Gb in total
(Table 1). Using Trinity software, these clean reads
were assembled into 235 452 transcripts ranging
from 201–13 123 bp and with a mean length of
602 bp. Then, by selecting the longest transcript
for each transcript cluster, 163 340 unigenes were
obtained with a mean length and N50 of 503 and
615 bp, respectively. Of the 123 567 unigenes,
75.65% were between 201 and 500 bp and 3.04%
(4971) of the unigenes were longer than 2000 bp
(Table 2). The data size and unigene number
were much larger than a previous study31, which
generated a more comprehensive transcriptome of
Z. bungeanum pericarps.

Unigene annotation and functional classification

To investigate the molecular functions of these uni-
genes, a set of nucleotide or protein databases
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Fig. 2 (a) Summary of functional annotation of assembled unigenes; (b) distribution of BLAST results by species shown
as percentage of total homologous sequences.

Fig. 3 (a) Number of differential expression genes among DAF30, DAF50, and DAF90 pericarp developmental stages
of Z. bungeanum; (b) Venn diagram of the number of upregulated and downregulated genes pairwise among the three
developmental stages.

(NT, NR, SwissProt, PFAM, GO, KO, and KOG)
were selected for unigene annotation by Blastn/x.
As shown in Fig. 2a, a total of 76 744 (46.98%)
unigenes were successfully annotated in at least
one database, 9074 (5.55%) were annotated in all
databases, and 86 596 unigenes (53.02%) were not
annotated in the public databases chosen in this
study. The low rate of annotation may be attributed
to the limited genomic information available for
Z. bungeanum or because most of unannotated uni-
genes were too short to generate a blast hit and the
same results also appeared in the transcriptomes of
Carya illinoinensis32, Pseudostellaria heterophylla12,
and G. parvifolium15 which were constructed of sev-
eral libraries and generated many unigenes. Addi-
tionally, species distribution analysis based on blast
hits against the non-redundant database showed
that Citrus sinensis and Citrus clementine were the
top-hit species, which are in the same evolution-
ary unit as Rutaceae with Z. bungeanum33, and
accounted for 64.83% (34 631) of the identified
unigenes. Vitis vinifera (1534, 2.87%) and Theo-
broma cacao (908, 1.70%), together with 630
other species, accounted for the remaining 35.17%
(18 790) of the identified unigenes (Fig. 2b).

Transcription factor (TF) prediction

In plants, a number of TFs, including AP2-EREBP,
MYB, WRKY, and bHLH, are involved in the biosyn-
thesis and accumulation of secondary metabolites
synthesised in different tissues or organs at different
developmental stages34, 35. To predict the transcrip-
tional regulation in detail, the iTAK pipeline was
used to mine the TFs. In total, 2376 (1.45%) uni-
genes encoded putative TFs, representing 80 differ-
ent families. Members of the C2H2 TF family were
the most abundant, including 184 unigenes. MYB
(163), AP2-EREBP (115), C3H (115), and orphan
genes (113) were determined. The remaining 75
TF families included 1686 unigenes (Table 3).

Identification of DEGs

To examine the genes differentially expressed in the
three developmental stages of pericarps, clean reads
from individual samples were separately mapped
to the reference sequences (unigenes). Overall,
65.51% (40 953 294), 65.82% (47 612 244), and
64.67% (35 591 716) clean reads from DAF30,
DAF50, and DAF90 samples were successfully
mapped to the reference sequences, respectively
(Fig. 1). In addition, 16 694, 21 375, and 13 855
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Table 3 Number of unigenes coding for putative TFs that were differentially expressed among DAF30, DAF50, and
DAF90 developmental stages of pericarp in Z. bungeanum.

TF Family Unigene DEGs DAF90 vs DAF30 DAF90 vs DAF50 DAF50 vs DAF30

no. Up Down Up Down Up Down

C2H2 184 1 1 0 1 0 0 0
MYB 163 19 1 14 1 6 2 7
AP2-EREBP 115 12 3 3 1 2 6 2
C3H 115 4 0 2 1 2 0 2
Orphans 113 25 4 13 5 12 2 9
NAC 95 9 1 4 3 1 0 4
bHLH 91 10 2 4 2 2 2 1
HB 84 9 2 7 1 2 0 3
WRKY 83 9 8 0 3 0 3 0
GRAS 82 4 0 1 1 3 0 0
bZIP 70 6 0 6 0 0 0 2
AUX/IAA 61 5 0 3 0 5 0 0
PHD 57 0 0 0 0 0 0 0
MADS 53 5 0 4 0 1 1 1
CCAAT 50 4 1 0 1 1 1 2
mTERF 48 0 0 0 0 0 0 0
SNF2 47 0 0 0 0 0 0 0
SET 41 1 1 0 0 0 0 0
C2C2-Dof 39 4 0 2 0 3 2 1
FAR1 39 0 0 0 0 0 0 0
LOB 36 3 0 0 0 2 0 1
TRAF 36 3 0 2 1 0 0 1
Trihelix 35 0 0 0 0 0 0 0
GNAT 34 2 1 1 0 1 0 0
ABI3VP1 32 0 0 0 0 0 0 0
TCP 32 2 1 0 2 0 0 0
G2-like 31 3 1 1 1 2 0 0
HMG 29 0 0 0 0 0 0 0
ARF 27 5 2 2 0 3 0 0
C2C2-GATA 26 2 0 2 0 1 0 0
Other 50 428 29 3 17 6 13 2 5

Total 2376 176 32 88 30 62 21 41

unigenes were uniquely expressed in the DAF30,
DAF50, and DAF90 samples, respectively, while
58 023 unigenes were expressed during all three
stages. The comparative read abundance between
the transcriptome of the three samples revealed that
2322 unigenes (2277 annotated and 45 unanno-
tated) were regarded as DEGs when the q-value <
0.005 and log2|FC| ¾ 1. Of these DEGs, 964 were
identified between DAF50 and DAF30, and 314
were upregulated and 650 were downregulated.
Between the DAF90 and DAF50 samples, 415 DEGs
were considered to be upregulated, while 653 DGEs
were downregulated. Between the DAF90 and
DAF30 samples, 1810 unigenes were regarded as
DEGs, and 623 were upregulated and 2830 were
downregulated (Fig. 3a). Furthermore, the tran-

scription of 20 and 52 DEGs rose and declined
continuously from DAF30 to DAF90, respectively
(Fig. 3b). These results suggested that during peri-
carp development in Z. bungeanum, many genes
were dynamically regulated at the level of transcrip-
tion.

Among the identified DEGs, 176 were puta-
tive TFs belonging to 40 TF families. Of these,
25 were orphan TFs (14.20%), 19 were MYB TFs
(10.78%), 12 were AP2-EREBP TFs (6.82%), 10
were bHLH TFs (5.68%), and 110 were in other TF
families (62.50%). In the DAF50 vs DAF30, DAF90
vs DAF50, and DAF90 vs DAF30 groups, 21, 30,
and 32 unigene-encoded TFs were upregulated and
41, 62, and 88 were downregulated, respectively.
The expression characteristics of these TFs, shown
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in Table 2, suggest that they are involved in the
regulation of secondary metabolite biosynthesis in
Z. bungeanum. Because few studies have attempted
to identify the enzymes or TFs related to sanshools
or their structural analogues, the differentially ex-
pressed TFs that participate in sanshool biosynthesis
need to be studied further.

DEGs significantly enriched in GO, eukaryotic
orthologous groups (KOG), and KEGG pathways

To elaborate on the biological functions and path-
ways activated by the DEGs during the three de-
velopmental stages, DEGs were mapped to GO
categories, KOG clusters, and KEGG pathways.
As shown in Fig. 4, 1760 DEGs were assigned
to 50 functional subcategories, including 19, 8,
and 23 to the biological process (BP), cellular
component (CC), and molecular function (MF)
categories, respectively. For the three compar-
ative groups in the BP category, most DEGs
were enriched in the ‘metabolic process’, ‘single-
organism process’, ‘single-organism metabolic pro-
cess’, ‘oxidation-reduction process’, ‘carbohydrate
metabolic process’, and ‘lipid metabolic process’ sub-
categories. Furthermore, 145 DEGs were enriched
in the ‘carbohydrate derivative metabolic process’
subcategory between DAF50 and DAF30, while no
DEGs were detected between DAF90 and DAF50 or
DAF30. In the CC category, more unigenes were
downregulated and only a few unigenes were up-
regulated over the course of pericarp development.
Furthermore, in the DAF50 vs DAF30 group, no
DEGs were identified. In the MF category, ‘catalytic
activity’ and ‘oxido reductase activity’ were the two
most significantly enriched GO subcategories, which
suggested that many enzymes with catalytic and
oxidoreductase activities participated in pericarp
development. In addition, the ratio of upregulated
and downregulated unigenes in the MF category
was higher than the other two categories.

Among the 2322 DEGs, 939 were classified into
24 functional categories based on KOG designations.
Functional profiles of these DEGs differed between
different stages. Furthermore, more DEGs were
enriched in eight categories, including ‘amino acid
transport and metabolism’, ‘carbohydrate transport
and metabolism’, ‘lipid transport and metabolism’,
‘secondary metabolite biosynthesis, transport and
catabolism’, and four other categories with the cat-
egory codes C, O, R, and T (Fig. 5).

Based on KEGG pathway enrichment, 797 DEGs
were successfully assigned to KEGG pathways. The
top 20 pathways in each comparison group with

Table 4 qRT-PCR validation primers.

Gene Primer (5′–3′)

>c123868_g1 (KAR)
F: TGCTATTGCACCAGGATTCA
R: AATTCCACCAGTCCAGCAAC

>c123808_g1 (BCAT)
F: AGTAGCAGCGCAGTCATAGC
R: TGAGAGACGAGGGAGTGAGG

>c122478_g1 (FAAH)
F: GCCTTTACCTTCACAACAGCC
R: GGTTTGAAGATTCGCGGACTG

the lowest q-values are shown in Fig. 6. In the
DAF50 vs DAF30 group, we found that upreg-
ulated unigenes were primarily involved in the
fatty acid metabolism and biosynthesis-related path-
ways and ‘terpenoid backbone biosynthesis’, but the
downregulated unigenes were primarily involved
in ‘phenylpropanoid biosynthesis’, ‘phenylalanine
metabolism’, and ‘starch and sucrose metabolism’.
In the DAF90 vs DAF50 group, ‘phenylpropanoid
biosynthesis’ contained slightly more upregulated
unigenes than other pathways. However, ‘photo-
synthesis’ was the most enriched pathway among
the downregulated unigenes, which was same as in
the DAF90 vs DAF30 group. Furthermore, similar to
the DAF50 vs DAF30 group, ‘flavonoid biosynthesis’
and ‘fatty acid metabolism’ were also enriched in the
upregulated unigenes of the DAF90 vs DAF30 group,
while, in contrast with DAF90 and DAF30 compared
to DAF50, ‘glutathione metabolism’, which may be
involved in the metabolism of amide groups, was
one of the most enriched pathways in the upregu-
lated unigenes of the DAF90 vs DAF30 group.

Sanshools are a set of polyunsaturated fatty
acid amides that possess long-chain unsaturated
fatty acid structures and an isobutyl or hydroxy-
lated isobutyl chain linked to the amide moiety
(Fig. 7a)11, 36. Thus combining the above results in-
dicates that the genes involved in fatty acid biosyn-
thesis and metabolism and amino acid transport
and metabolism were dynamically regulated at the
transcriptional level during pericarp development,
which suggests it is important to identify the genes
related to sanshool biosynthesis.

Identification of unigenes related to the
biosynthesis and metabolism of sanshools

Based on sanshool structures and the results of DEG
functional classification and annotation, 12 candi-
date enzymes encoded by 18 unigenes, which may
be associated with the biosynthesis and metabolism
of sanshools, were identified. We classified these
18 DEGs into three groups (Fig. 8a). Group I
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Fig. 4 GO classification of the unigenes with significant transcriptional differences during the three developmental
stages of pericarp in Z. bungeanum. Subcategories are abbreviated. BP-01: metabolic process; BP-02: single-organism
process; BP-03: single-organism metabolic process; BP-04: oxidation-reduction process; BP-05: carbohydrate metabolic
process; BP-06: carbohydrate derivative metabolic process; BP-07: lipid metabolic process; BP-08: single-organism
carbohydrate metabolic process; BP-09: cellular carbohydrate metabolic process; BP-10: polysaccharide metabolic
process; BP-11: photosynthesis; BP-12: nucleotide-sugar metabolic process; BP-13: glyceraldehyde-3-phosphate
metabolic process; BP-14: obsolete peroxidase reaction; BP-15: response to oxidative stress; BP-16: photosynthesis,
light reaction; BP-17: carbohydrate catabolic process; BP-18: lipid biosynthetic process; BP-19: glucan metabolic
process; CC-01: photosynthetic membrane; CC-02: thylakoid; CC-03: thylakoid part; CC-04: photosystem; CC-05:
photosystem II; CC-06: thylakoid membrane; CC-07: photosystem II oxygen evolving complex; CC-08: photosystem
I; MF-01: catalytic activity; MF-02: oxidoreductase activity; MF-03: cofactor binding; MF-04: coenzyme binding; MF-
05: oxidoreductase activity, acting on CH-OH group of donors; MF-06: oxidoreductase activity, acting on the CH-OH
group of donors, NAD or NADP as acceptor; MF-07: tetrapyrrole binding; MF-08: oxidoreductase activity, acting on
paired donors, with incorporation or reduction of molecular oxygen; MF-09: heme binding; MF-10: iron ion binding;
MF-11: copper ion binding; MF-12: antioxidant activity; MF-13: dioxygenase activity; MF-14: oxidoreductase activity,
acting on peroxide as acceptor; MF-15: peroxidase activity; MF-16: monooxygenase activity; MF-17: oxidoreductase
activity, acting on paired donors, with incorporation or reduction of molecular oxygen, 2-oxoglutarate as one donor, and
incorporation of one atom each of oxygen into both donors; MF-18: nutrient reservoir activity; MF-19: oxidoreductase
activity, acting on paired donors, with oxidation of a pair of donors resulting in the reduction of molecular oxygen to
two molecules of water; MF-20: fructose 1,6-bisphosphate 1-phosphatase activity; MF-21: O-methyltransferase activity;
MF-22: hydrolase activity, acting on glycosyl bonds; MF-23: hydrolase activity, hydrolysing O-glycosyl compounds.
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Fig. 5 Functional classification by KOG of differentially expressed genes.

Fig. 6 KEGG pathway enrichment of upregulated and downregulated DEGs.
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Fig. 7 (a) Structures of sanshool compounds; (b) struc-
ture of affinin.

contains the enzymes associated with the biosyn-
thesis of fatty acid acyl-CoA, including acetyl-CoA
carboxylase biotin carboxyl carrier protein (accB),
malonyl-CoA-acyl carrier protein (ACP) transacy-
lase (MAT), 3-oxoacyl-ACP synthase II (KASII), 3-
oxoacyl-ACP reductase (KAR) acyl-ACP desaturase
(DESA1), omega-6 fatty acid desaturase (FAD2),
omega-3 fatty acid desaturase (FAD3), and acyl-CoA
dehydrogenase (ACADM). AccB, MAT, KASII, and
KAR have been identified as key enzymes involved
in the elongation of fatty acid chains and DESA1,
FAD2, FAD3, and ACADM are important in the
desaturation of fatty acids37. Because polyunsat-
urated acid is a precursor of sanshool biosynthe-
sis11 and because most of the unigenes in group
I were upregulated at DAF50 and DAF90 com-
pared with DAF30 and the sanshool content in-
creases with pericarp development (the numbing
and anaesthetic sensation was stronger during peri-
carp development), we inferred that these enzymes
might play important roles in the biosynthesis of
polyunsaturated alkyl chains of sanshools. Group
II included three enzymes: branched-chain amino
acid aminotransferase (BCAT), alanine-glyoxylate
transaminase (AGXT), and aspartate aminotrans-
ferase (ASP). Previous research has suggested that
valine is the precursor of the amide moiety in the
biosynthesis of affinin, which is an alkamide with
the same amide moiety and similar polyunsaturated
acid chains as α-sanshool (Fig. 7b)38. Because va-

Fig. 8 (a) Heatmap of DEGs associated with biosynthesis
and metabolism of sanshools among the three develop-
mental stages of pericarp in Z. bungeanum. The gene
name is described in parenthesis; (b) qRT-PCR validation
of three unigenes involved in biosynthesis and metabolism
of sanshools in Z. bungeanum pericarps.

line is one of the branched-chain amino acids and
the expression levels of BCAT, AGXT, and ASP at
DAF90 were significantly higher than DAF50 and
DAF30, we hypothesise that BCAT, AGXT, and ASP
are related to the biosynthesis of isobutylamide. In
contrast to group I and II, group III included only
one enzyme, fatty acid amide hydrolase (FAAH),
which was down regulated during development af-
ter DAF30. The expression of FAAH was the inverse
of the sanshool accumulation in this study. This find-
ing sheds light on the participation of FAAH in the
degradation of alkamide in planta39. In addition, to
confirm the reliability of the RNA sequencing (RNA-
seq) results, three genes (KAR, BCAT, and FAAH)
were selected from the three groups for quantitative
real-time PCR (qRT-PCR) analysis (Table 4). As
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shown in Fig. 8b, the relative expression profiles of
the BCAT and FAAH in the three samples agreed
with the expression patterns obtained using RNA-
seq analysis, but KAR was not completely agreed.

Using comparative RNA-seq analysis, we first
examined the gene expression patterns of pericarps
of Z. bungeanum at three developmental stages. We
identified 11 enzymes related to the biosynthesis of
the polyunsaturated alkyl chain and isobutylamide
moieties of sanshools and one enzyme involved in
the degradation of sanshools. We believe these
results will provide a valuable dataset to accelerate
our understanding of the molecular mechanisms
involved in sanshool biosynthesis and metabolism
in Z. bungeanum.
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