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SHORT COMMUNICATION

Overexpression of Pepper Capsaicinoid Pathway Genes in Tomato
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ABSTRACT
Objective: The Solanaceae family includes many unique and popular fruits and vegetables such as potato, tomato, and pepper.
Peppers are a group of plants that produce pungent fruits favoured by many in various parts of the world. This spiciness is due to
a class of compounds called capsaicinoid which are synthesized in peppers but not in tomatoes. Both pepper and tomato genomes
have been sequenced, and genes involved in the capsaicinoid biosynthesis pathway have been identified in both genomes. Along
with expression profiling, there were only three genes in the tomato pathway that were not expressed. In this study, we attempted
to overexpress the three pepper genes in tomato to produce spicy fruits.
Materials and Methods: The three genes, BCAT (branched-chain amino acid aminotransferase), Kas (ketoacyl-ACP synthase),
and CS/AT (capsaicin synthase/acyltransferase), were separated using P2Am and T2Am sequences in a tricistronic cassette
driven by the 35S promoter. Transgenic tomato plants containing the gene construct were generated via Agrobacterium-mediated
transformation.
Results: RT-PCR indicated that the genes were expressed in all transgenic tomato plants. Some transgenic fruits resembled hot
peppers with elongated shapes and wrinkled surfaces, but tomato fruits were not spicy based on two-person tasting evaluations.
Conclusion: P2Am and T2Am sequences can be used for the overexpression of multiple genes in tomatoes. Further studies with
tissue-specific promoters and metabolic profiling are necessary.
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INTRODUCTION

The pungency of hot peppers (Capsicum ssp.) is the accumu-
lation of a group of alkaloids called capsaicinoid, such as cap-
saicin and dihydrocapsaicin.1 Capsaicinoids are synthesised in
pepper fruit placenta through two biochemical pathways. In the
phenylpropanoid pathway, phenylalanine is converted to vanil-
lylamine, and in the branched chain fatty acid pathway, valine
is converted to 8-methyl nonenoic acid.2 Capsaicin synthase
(CS) then combines both compounds to produce capsaicin and
other capsaicinoids.3

Pepper is a common spice used in varieties of cuisine all
over the world and is an excellent source of vitamins C, A,
B-complex, and E.4 As a medicine, it is a counter irritant in
lumbago, neuralgia, rheumatic disorder, and non-allergic rhini-
tis and as a folk remedy for dropsy, colic, diarrhoea, asthma,
arthritis, muscle cramps, and toothache.5,6 These findings sug-
gest that a diet with capsaicinoid is beneficial for health and thus
hot peppers should be considered a functional food.7 Peppers

are often cultivated in open fields and are vulnerable to envi-
ronmental conditions that are detrimental to fruit yield.2 For
example, high temperature, high CO2 level, and excess rain can
all reduce plant growth and fruit yield and increase disease in-
cidence in the plants.8 Seed germination rate highly depends on
fruit maturity, species, cultivar, and post-harvest handling.9 In
addition, environmental factors heavily influence capsaicinoid
biosynthesis and consequently pungency levels.10

Plant breeding has significantly contributed to the develop-
ment of new varieties.11 Other genetic manipulations such as
Agrobacterium-mediated genetic transformation are not triv-
ial for peppers. Currently available pepper transformation
protocols have low efficiency, poor reproducibility, and high
genotype-dependence.12,13 Engineering tomatoes to produce
capsaicinoid represents an alternative.14

Tomato (Solanum lycopersicum) is the most important horti-
cultural crop.15 Despite their divergence 19 million years ago16,
the genomes of pepper and tomato are significantly conserved,
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with a basic chromosome number of x = 12 in both species and
major conserved syntenic segments between them.17 Toma-
toes are more amenable to genetic transformation, are highly
productive with a short cropping cycle, and can be used to pro-
duce capsaicinoids.18,19 Phylogenetic analysis of gene families
involved in capsaicinoid biosynthesis in pepper and their or-
thologs in tomato, potato, and Arabidopsis identified 51 gene
families, of which 13 had independent pepper-specific dupli-
cation (such as ACLd, AT3, b-CT, C3H, CAD, CCR, Kas I and
PAL genes).17 Comparative transcriptome analysis identified
several genes in the capsaicin biosynthesis pathway with dif-
ferent expressions between pepper and tomato fruits. At the
fruiting stage BCAT (branched-chain amino acid aminotrans-
ferase), Kas (ketoacyl-ACP synthase), and CS/AT (capsaicin
synthase/acyltransferase) are highly expressed in pepper fruit
placenta but not in the tomatoes.3 Comparative expression stud-
ies in non-pungent peppers vs pungent pepper also showed
large deletions in the CS gene, which cause no or very low
expression in non-pungent pepper.20 These results indicate that
changes in the expression of BCAT, Kas, and CS/AT enabled
capsaicinoid synthesis in hot pepper fruits.3,20 Therefore, pun-
gency in pepper is under transcriptional control, and higher
expression of capsaicinoid biosynthesis genes in the placental
septum increases pungent levels.21,22 Compared with peppers,
some genes in tomatoes have lower levels of expression (PAL,
C4H, ACL and AMT), others have lower levels of expression
with temporally restricted expression (COMT and FaTA), and
some are not expressed at all (Kas, BCAT and CS).3

Based on the genetic information on both pepper and tomato,
it is theoretically possible to activate the capsaicinoid pathway
in tomato. Three genome engineering strategies can be em-
ployed for this purpose. One is to use transcriptional activators
like effectors (TALEs) 23 or CRISPR/Cas924 for multiplex ac-
tivation of genes in pepper. The second strategy is the use of
targeted promoter replacement through genome engineering
for the activation of inactive genes in tomatoes.25,26 The third
involves the overexpression of the pepper genes (Kas, BCAT
and CS) in tomato through Agrobacterium-mediated transfor-
mation. This study has used Agrobacterium-mediated tomato
transformation to insert and overexpress three pepper genes in-
volved in capsaicin biosynthesis: BCAT, Kas, and CS/AT. Two
different vectors were prepared: one with the 35s promoter and
the other with the fruit-specific E8 promoter. All three genes
were included in a single tricistronic vector for transformation.
All three genes are involved in capsaicin biosynthesis through
the branched chain fatty acid pathway. BCAT condenses valine
to alpha ketoisovalerate. Kas along with ACL (acyl carrier pro-
tein) is involved in fatty acid synthesis through isobutyryl-CoA
to 8-methyl-6-nonenoic acid. CS/AT/PUN1 condenses vanil-
lylamine from the phenylpropanoid pathway with 8-methyl-6-
noneoyl-CoA from the branched chain fatty acid pathway to
synthesize capsaicin.3

MATERIALS AND METHODS

Preparation of the Overexpression Gene Construct

The pCAMBIA1301 vector was used to prepare the overex-
pression gene construct. The tricistronic cassette with the three
pepper genes was arranged as shown in Figure 1A. The three
genes were separated using P2Ap and T2Ap peptides (Figure
1B) from Osborn et al. 27. The peptides were reverse translated
to DNA sequences (P2A and T2A in Figure 1B) and optimized
for plants (Arabidopsis) using JCat 28 to produce the P2Am
and T2Am (Figure 1B) used in Figure 1A. The cassette (Fig-
ure 1C) was synthesized by BioBasic (Amherst, NY, USA)
and ligated into pCAMBIA1301 after digestion with NcoI and
BstEII. The construct was used to transform Agrobacterium
tumefaciens strain LBA4404, and positive clones were used for
tomato transformation (see Transformation of tomato below).

Agrobacterium Preparation

Competent Agrobacterium tumefaciens strain LBA4404 cells
with an OD600 of 0.1 were transformed with the construct
described above using electroporation. A single colony from
transformed Agrobacterium cells was inoculated into 10 mL
LB broth with 50 mg l-1 kanamycin and grown for 24 h at
28 °C. An aliquot of the cultured cells was subsequently in-
oculated into 50-mL LB with 50 μg l-1 kanamycin and grown
for another 24 h. This culture was harvested and used for the
transformation described below.

Transformation of Tomato

The tomato transformation was modified from Wang and
Campbell.29 Tomato seeds (Solanum lycopersicum) cv Micro-
Tom and Micro-Tina from Tomato Growers Supply Company,
Fort Meyers, FL were surface sterilized in 40 mL of 25% bleach
with 2 drops of tween 20 for 15 min and rinsed 5-7 times with
distilled water before plating in seed germination medium (MS
salt 4.3 g l-1, Nitsch vitamin 1 mL l-1, sucrose 30 g l-1 and agar
6 g l-1, pH 5.8). Hypocotyls and cotyledon leaves of 7-10 days
old seedlings were used for transformation. Three days before
transformation, Agrobacterium culture was started in 20 mL
LB medium supplemented with 50 mg l-1 kanamycin. A day
before transformation, hypocotyl and cotyledon leaves were cut
from seedlings at the petioles and the tip using a sterile razor
on the co-cultivation media (MS salt 4.3 g l-1, thiamine-HCL
0.4 mg l-1, Myo-inositol 100 mg l-1, sucrose 30 g l-1, 2,4-D 0.2
mg l-1, agar 6 g l-1 and kinetin 0.1 mg l-1) with sterile filter
paper laid on the surface. The bacteria from the LB broth were
harvested by centrifugation and resuspended in co-cultivation
media (without agar). Leaves from overnight incubation were
scraped, mixed with bacteria, and incubated at room tempera-
ture for 30 min with occasional mixing. The bacterial suspen-
sion was then drained, and the leaves were dried on sterile paper
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Figure 1. Tricistronic overexpression cassette. (A) Schematic of the tricistronic cassette. (B) P2Am and T2Am sequences used to facilitate cleavage of the three
proteins. (C) DNA sequence of the cassette (P2Am and T2Am are in bold/green). BCAT:branched-chain amino acid aminotransferase; Kas:ketoacyl-ACP synthase;
CS/AT/PUN1:capsaicin synthase/acyltransferase.

towels and returned to co-cultivation media with filter paper on
the surface. These plates were sealed with micropore tape and
incubated in the dark at room temperature for 3 days. After
3 days of co-cultivation, leaves were placed on regeneration
medium (MS salts 4.3 g l-1, Nitsch vitamin mL l-1, sucrose 30
g l-1, zeatin 1.5 mg l-1, IAA 0.2 mg l-1, carbenicillin 400 mg l-1,
hygromycin 30 mg l-1, agar 6 g l-1 and pH 5.8) and incubated
under natural day/light cycle for 3-8 weeks with media change
every 3 weeks. Shoots will regenerate during this period. Re-
generated shoots were transferred to rooting medium (MS salts
4.3 g l-1, Nitsch vitamin 1mL l-1, sucrose 30 g l-1, IBA 0.5 mg
l-1, carbenicillin 400 mg l-1, hygromycin 30 mg l-1, agar 6 g l-1
and pH 5.8) for further growth and rooting and then transferred
to soil after acclimatization for few days.

Transformation Confirmation

Transformation and insertion of the transgene were confirmed
by plant regeneration on hygromycin-containing regeneration
media and then by PCR using hygromycin primers (for-
ward: GATGTTGGCGACCTCGTATT and reverse: GATG-
TAGGAGGGCGTGGATA) on DNA from transgenic plants.

RNA Extraction

Total RNA was extracted using TRIzol®.30 From 𝑇0 transgenic
plants, RNA was extracted for RT-PCR. Leaf samples from
young transgenic plants were bulked to isolate RNA. Fresh 50-
100 mg of leaf tissue was frozen in liquid 𝑁2 and ground to
powder using a mortar and pestle. One millilitre of TRIzol®

reagent was used to homogenise 50-100 mg of tissue. After
5 min of incubation, 0.2 mL of chloroform was added to the
sample and further incubated for 3 min. The mixture was cen-
trifuged at 4 °C for 15 min. The supernatant was transferred to
a new tube mixed with 0.5 mL of isopropanol and incubated for
10 min. After centrifuging at 4°C for 5 min, the supernatant was
discarded, and the RNA pellet was mixed with 1 mL of 75%
ethanol and centrifuged for 5 min at 4°C. The supernatant was
discarded, and the pellet was dried by inverting tubes on clean
filter paper for 10 min. Around 25-30 μL of DNase/RNase-
free water was used to dissolve the RNA. An aliquot of this
RNA were treated with DNase I at 37 °C for 10 min. This
followed phenol:chloroform extraction with isopropanol pre-
cipitation and two 75% ethanol washes. The purity of the RNA
was treated with DNase I and quantified using Nanodrop. Sam-
ples with 260/280 values between 1.9 and 2.1 were used for
further analysis.

RT-PCR

Semiquantitative RT-PCR was performed to confirm trans-
gene expression using qScript® XLT One-Step RT-PCR kit
from QuantaBio in Applied Biosynthesis 2720 Thermocycler.
Manufacturer’s guidelines were followed for reaction setup and
thermocycler procedures. In short, RT-PCR was performed for
RNA of both transgenic and control plants in 10 μL volume. All
reagents, RNA, and primers were thawed on ice for 15 min, and
the reaction was set up on ice. For each 10 μL reaction, 5 μL
one-step ToughMix (20X), 0.2 μL each of forward and reverse
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primers, 0.4 μL of qScript® XLT One-Step reverse transcrip-
tase (25X), 2.2 μL of nuclease free water and 2 μL of RNA
were added and mixed. The PCR plate was then spun briefly to
remove any bubbles and collect the contents at the bottom of
the well. In the thermocycler, RT-PCR was programmed as fol-
lows: cDNA synthesis at 48°C for 20 min, initial denaturation
at 94°C for 3 min, 35 cycles of denaturation at 94°C for 20 sec,
annealing at 56°C for 30 sec, and extension at 72°C for 1 min.
This was followed by 72°C for 5 min and 4°C for forever. The
PCR product was run on 1% agarose gel along with loading
dye to visualize the presence of the transgene in RNA.

Phenotypic Observations

Transgenic tomatoes were regularly checked for any visual phe-
notypic changes in their fruit shape and surface texture from
early fruit stages to late maturity stages. Two people tasted the
spiciness of ripened tomato fruits in the laboratory.

RESULTS AND DISCUSSION

Transformation of Tomato

Two tomato lines (Micro-Tina and Micro-Tom) were used in
the transformation studies. The construct with the 35S pro-
moter was used to transform Micro-Tina, and the construct
with the E8 promoter was used to transform Micro-Tom. Al-
though the number of infected leaves was not counted, regen-
eration of callus from leaves was variable for both Micro-Tina
and Micro-Tom lines. Micro-Tom showed an early advantage
with better germination and faster growth than Micro-Tina (data
not collected). During callus regeneration, the adaxial side of
cotyledon leaves increased the chance of regeneration. Once
calli started to produce shoots, they were transferred to a Ma-
genta box to have more room to grow. In total, 30 transgenic
plants from the 35S vector and 35 transgenic lines from the E8
vector were generated.

Confirmation of Transgene Insertion

Genomic DNA was extracted from the leaves of transgenic and
control tomato plants for PCR. Hygromycin primers were used
to confirm the presence of the transgene in the 𝑇0 generation
of transgenic plants (Figure 2). Hygromycin bands were ob-
served in both Micro-Tina and Micro-Tom transgenic lines but
were absent from control plants, confirming the insertion of the
transgene into the tomato genome.

Gene Expression

Expression of the transgene was confirmed by semiquantitative
RT-PCR using pepper gene-specific primers. For each primer
set, once the primers were designed, they were BLASTed
against the tomato sequence to confirm their absence from

Figure 2. PCR confirmation of transgene. Lanes A and G-1 kb ladder; B,
transgenic line 1; C, transgenic line 2; D, Micro-Tina control; E, Micro-Tom
control and F-PCR negative control.

tomato. For each of the three genes, one specific primer set was
designed. RT-PCR was performed using these primers on RNA
derived from control and transgenic plants. Gel electrophoresis
of the RT-PCR product showed gene bands for all three tar-
get genes (AT, BCAT, and Kas) in both transgenic lines tested,
whereas the control plant did not have any transgene expres-
sion (Figure 3). This shows that all three pepper genes were
integrated with the tomato genome and were being expressed.

Figure 3. Gene expression in transgenic plants. Lanes A: ladder; B, C, D:
control for AT, BCAT, and Kas genes; E, F, G: transgenic line 1 for AT, BCAT,
and Kas; H, I, J: transgenic line 2 for AT, BCAT, and Kas.
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Phenotypic Changes

Transgenic plants were observed for any phenotypic structural
changes in plants and fruits. There were no overwhelming
changes that were consistent throughout all transgenic lines.
However, some transgenic tomato plants did produce fruits with
pepper-like rough skin (Figure 4).

Figure 4. Some transgenic tomato fruits showed rough skins at the 𝑇0 genera-
tion before turning red.

Spiciness

Ripened transgenic tomato fruits were tasted for a hint of heat.
Two people independently tasted the juice from the same fruit to
determine whether it was hot. There was consensus that none of
the transgenic tomato fruits carried any spiciness. Although our
results from RT-PCR suggested the expression of all three genes
in transgenic plants, the lack of heat in fruit suggests either that
there is no detectable increase in capsaicin production or that
the biosynthetic pathway requires more than three genes to be
overexpressed.

Tomato as a biofactor for the production of secondary
metabolites is not a new concept. Butelli et al.31 could
use tomato to produce betalain (food colour). Other stud-
ies have used tomatoes to increase the production of vari-
ous flavonoids32 and phenylpropanoid compounds like resver-
atrol and genistin33. Tomato fruits are rich in primary metabo-
lites such as citrate, malate, and ascorbic acids and sec-
ondary metabolites such as carotenoids, phenylpropanoid and
terpenoids.34 This suggests the presence of a basic biosynthetic
pathway for each in tomatoes, which has led many to believe
that tomatoes can be used as a chassis to produce various eco-
nomically as well as pharmacologically important metabolites
such as retinol (Vitamin A) through B-carotene biosynthesis
and dioscin through steroidal glycoalkaloid production.35,36

The presence of the defunct capsaicinoid biosynthesis path-
way in tomatoes offers an opportunity to produce capsaicin in
this plant. This will alleviate the problems associated with pep-
per farming, such as varying levels of pungency, environmental
distress, slow seed germination and long life cycle, as well

as high levels of soil-borne diseases and nematode infection.2
Both pepper and tomato, being members of the same night-
shade family (Solanaceae), have major conserved synteny with
a basic chromosome number of x=12 in both species and share
many traits between them.17 Comparative genomics revealed
the presence of all necessary capsaicinoid genes in tomato with
varying expression.3 Overexpression of those less expressed
genes in tomatoes should, in theory, make tomato fruit spicy,
but other regulatory factors cannot be excluded.

By inserting three capsaicinoid genes (BCAT, Kas and AT),
we aimed to activate the capsaicinoid pathway in tomato. The
Agrobacterium-mediated transformation method was success-
ful in the delivery of all three genes, as evidenced by the re-
generation of hygromycin-resistant transgenic plants and the
expression of three pepper genes, as seen in RT-PCR. This,
however, did not result in any increase in capsaicin synthesis
or accumulation in tomato fruits. The generation of transgenic
tomato plants expressing pepper gene, however, is a signifi-
cant step towards the generation of spicy tomato. There could
be many reasons why our plants did not produce spicy fruits.
It could be that there is too little capsaicin to be detected by
tasting, or the three genes might not be enough to activate the
whole capsaicin biosynthesis pathway as it comprises more
than 51 gene families.17 Gene duplication during capsicum
evolution meant that the biosynthesis pathway has up to 13
pepper-specific duplication compared to tomato17, also tissue
specific and developmental expression of genes involved in
capsaicinoid biosynthesis3 could play a role in making tomato
spicy.

To the best of our knowledge, the only species other than pep-
pers metabolically engineered to produce capsaicin, the main
capsaicinoid in peppers37, is the baker’s yeast Saccharomyces
cerevisiae. Zhao et al. 38 overexpressed in yeast all the genes for
the enzymes catalysing seven steps that produce vanillylamine
from phenylalanine17, Kas, thioesterase (Fat), and ACL to re-
construct the fatty acid pathway, as well as CS/AT. Culturing
the engineered yeast for 120 h in a 1 L fermenter containing 20
g/L glucose, they were able to produce 80.23 μg/L capsaicin in
S. cerevisiae.38

CONCLUSION

To conclude, in this study, we showed that P2Am and T2Am
sequences can be used in the overexpression of multiple genes
in tomatoes. Future work in tomatoes may include metabolic
profiling to examine the changes in metabolites in transgenic
plants.
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