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Tomato (Solanum lycopersicum L.) is one of the model plant to study carotenoid biosynthesis. In the present study, the
fruit carotenoid content were quantified at different developmental stages for two contrasting genotypes, viz. IIHR249-1 and IIHR-2866 by UPLC. Lycopene content was high in IIHR-249-1 (19.45 mg/100 g fresh weight) compared
to IIHR-2866 (1.88 mg/100 g fresh weight) at the ripe stage. qPCR was performed for genes that are involved in the
carotenoid biosynthetic pathway to study the difference in lycopene content in fruits of both the genotypes. The
expression of Phytoene synthase (PSY) increased by 36-fold and Phytoene desaturase (PDS) increased by 14-fold
from immature green stage to ripe stage in IIHR-249-1. The expression of Chloroplast lycopene β-cyclase (LCY-B)
and Chromoplast lycopene β cyclase (CYC-B) decreased gradually from the initial stage to the ripe stage in IIHR-2491. IIHR 249-1 showed 3- and 1.8-fold decrease in gene expression for Chloroplast lycopene β-cyclase (LCY-B) and
Chromoplast lycopene β-cyclase (CYC-B) .The F2 hybrids derived from IIHR-249-1 and IIHR-2866 were analysed at
the ripe stage for lycopene content. The gene expression of Chloroplast lycopene β-cyclase (LCY-B) and Chromoplast
lycopene β-cyclase (CYC-B) in high and low lycopene lines from F2 progenies also showed the decrease in transcript
levels of both the genes in high lycopene F2 lines. We wish to suggest that the differential expression of lycopene βcyclases can be used in marker-assisted breeding.
[Pandurangaiah S, Ravishankar KV, Shivashankar KS, Sadashiva AT, Pillakenchappa K and Narayanan SK 2016 Differential expression of
carotenoid biosynthetic pathway genes in two contrasting tomato genotypes for lycopene content. J. Biosci. 41 257–264] DOI 10.1007/s12038-0169602-4

1.

Introduction

Carotenoids are a group of pigments that are red, yellow and
orange in colour, present in flowers, fruits and vegetables.
Carotenoids are not only present in plants, but also in algae
(cyanobacteria) and non-photosynthetic organisms like fungi. Carotenoids are isoprenoid molecules occurring naturally
Keywords.

in the chromoplasts and chloroplasts of plants. They are
divided into two classes: xanthophylls (which contain oxygen) such as lutein, and carotenes (which are purely hydrocarbons, and without oxygen) such as β-carotene and
lycopene (Giorio et al. 2007). In plants, carotenoids have
diverse functions: they serve as components of light harvesting apparatus during photosynthesis, attract pollinators and
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seed dispersal agents. Carotenoids have many physiological
functions; and they play a very important role in human and
animal nutrition. They are efficient free radical scavengers,
and modulate the immune system (Rao and Agarwal 1999).
Carotenoids are essential nutrients that cannot be synthesized
by animals and humans, and thus have to be consumed
through the diet. Lycopene possesses a strong antioxidant
property having a protective function in reducing the risk of
cancer and cardiovascular diseases (Hadley et al. 2003).
Lycopene prevents the formation of harmful by-products of
metabolism such as free radicals. Tomatoes are the most
concentrated food source of lycopene with a characteristic
red colour. Consumption of tomato has significant impact on
human health. Therefore, study on carotenoid metabolism in
tomato is very important.
Since many years the carotenoid biosynthetic pathway
has been studied extensively. The carotenoid biosynthetic
pathway starts with condensation of two molecules of
Geranyl geranyl pyrophosphate into Phytoene by Phytoene
synthase (PSY). The Phytoene synthase (PSY) catalysed
product, phytoene, is desaturated into red-coloured lycopene
by two structurally and functionally similar enzymes of
Phytoene desaturase (PDS) and ζ-carotene desaturase
(ZDS) in plants. Isomerization of prolycopene into lycopene
is carried out by Carotenoid isomerase (CRTISO). It is
recognized that cis-trans isomerizations take place in vivo
because phytoene is synthesized in the 15-cis configuration,
whereas most of the other carotenoids are found in the all
trans form (Britton 1988). The cyclization of lycopene is the
first branch point in the pathway, by the cyclases, viz.
Lycopene β-cyclase in both chloroplast (LCY-B) and in chromoplast (CYC-B) leads to β-carotene (Bramley 2002)
(figure 1).
Based on the results of initial screening for carotenoids on
a large number of genotypes (>50) (Kavitha et al. 2014), two
genotypes with high and low lycopene were selected for
studying the expression of genes involved in the carotenoid
biosynthesis. The objective of the present study was to
investigate the expression of the genes involved in the carotenoid biosynthetic pathway in two contrasting tomato
genotypes, viz. IIHR-249-1 (high lycopene content) and
IIHR-2866 (low lycopene content) at different stages of fruit
development and validation of LCY-B and CYC-B in selected
contrasting F2 plants (red ripe fruits) derived from the cross
of IIHR249-1 and IIHR2866.

2.

Materials and methods
2.1

Plant materials

Two contrasting genotypes IIHR-249-1(EC61729) and
IIHR-2866 (EC687098 – a cherry tomato line) were
J. Biosci. 41(2), June 2016

Figure 1. Carotenoid biosynthesis pathway.

grown in open field condition at ICAR–Indian Institute
of Horticultural Research, Bengaluru, India. Fruits harvested at four different developmental stages, viz.
Immature green stage (IG), Mature green stage (MG),
Breaker stage (B) and Ripe stage (R) (figure 2) were
frozen in liquid nitrogen and stored at −80°C until
further use. Red ripe fruits of the F2 hybrids derived
from the cross IIHR-249-1 and IIHR-2866 were used for
the study.
2.2

Carotenoids profiling by UPLC

Total carotenoids and lycopene content were analysed by
spectrophotometry method (Lichtenthaler 1987).
Carotenoids were extracted using acetone and partitioned
with hexane for the ripe stage. For immature green
stage, mature green stage and breaker stage fruits hexane
extract was further subjected to saponification using 15%
KOH. The carotenoids in the extract were estimated by
reading absorbance at 470 and 503 nm for estimating
total carotenoids and lycopene respectively. The
carotenoid profiling was done using UPLC, as per the
method reported by Serino et al. (2009) with
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Figure 2. Fruits of IIHR-249-1 and IIHR-2866 at Immature green, Mature green,Breaker and Ripe stages of ripening.

modification. Carotenoids were analysed using AcquityUPLC system, auto sampler injector, PDA detector
equipped with BEH-C18 column (1.7 μm, 2.1 × 50
mm) and BEH-C18 (1.7μm, 2.1 × 5 mm) guard column.
The individual carotenoids were identified on the basis
of diode array spectral characteristics, retention times
and relative elution order compared to standards and
literature values.

2.3

Gene expression studies

Total RNA was isolated from fruits of IIHR-249-1 and IIHR2866 using TRI Reagent (Sigma Aldrich, USA). DNase
treatment was done using the Turbo DNA free kit
(Invitrogen). RNA was reverse transcribed to cDNA using
RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, #K1622). qPCR was carried out for six genes
involved in the carotenoid biosynthesis pathway. The reaction was performed in 96-well plates, each 20 μL reaction
contained 10 μL of SYBR Green (Thermo Scientific, #F416S), 2 μL of forward primer(3pM), 2 μL of reverse
primer(3pM) , 4 μL of nuclease free water, 2 μL of cDNA
in ABI 7500 real-time PCR machine (Applied Biosystems,

USA). Thermal cycling conditions were 40 cycles of
95°C for 15 s, 58°C for 30 s and 72°C for 30 s.
Standard curves were generated using 5-fold dilutions
of a template RNA of known concentration for each
set of primer/template to determine the reaction optimization of each template. Three biological replicates in
triplicate reactions for each test target were averaged,
and the CT values were normalized. Gene expression
data were normalized by subtracting the mean CT value
of reference gene (TIP 41- Tonoplast Intrinsic Protein
gene; Exposito-Rodriguez et al. 2008). The relative fold
change at mature green, breaker and ripe stage were
compared with the immature green stage of fruit by
using expression values of immature green stage as a
calibrator for the respective genotype. The threshold
cycles (CT) of each test target were averaged for triplicate reactions. Gene expression data were normalized by
subtracting the mean of reference gene (TIP gene) CT
value from individual CT values of corresponding target
genes (ΔCT).
The relative fold change in mature green, breaker and redripe stages as compared with green stage of fruit was calculated by using expression values of green stage as a calibrator. The average of three replicates was used for calculating
J. Biosci. 41(2), June 2016
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the expression levels which were further transformed on log2
scale.The fold change value was calculated by using 2−ΔΔCT
method. The list of primers used for amplification are presented in table 1.
3.

Results

In the present study, expression levels of six genes involved in the carotenoid pathway were studied at different
stages of fruit development in two lines IIHR 249-1(high
lycopene) and IIHR-2866 (low lycopene). Carotenoid
analysis by UPLC identified carotenoid pigments, viz.
lycopene, phytoene and phytofluene (figure 3A). IIHR249-1 contained very high values for lycopene (19.45
mg/100 g fw) at the ripe stage followed by breaker stage
(2.96 mg/100 g fw) and immature green stage (2.0 mg/
100g fw). The accumulation of phytoene (1.0) and phytofluene (1.3 mg/100 g fw), which are precursors for the
biosynthesis of lycopene, was more in IIHR-249-1 as
compared to IIHR-2866. The lycopene content was estimated in F2 progenies (289) from the cross between IIHR249-1 and IIHR-2866. The lycopene content of the F2
segregants ranged from 0.56 to 18.34 mg/ 100g fw.
Based on these results, six segregants, three with high
lycopene and three with low lycopene (figure 3B), were
selected for gene expression study.
The pattern of gene expression for PSY and PDS was
consistent in all the stages with an increase in expression at
the breaker and ripe stages compared to the green stage in
both the genotypes (figure 4). The expression of Phytoene
Synthase (PSY) increased by 36-fold and Phytoene desaturase (PDS) increased by 14-fold from immature green stage
to ripe stage in IIHR249-1. Unlike PSY and PDS, ZDS
showed 8-fold higher gene expression at the breaker stage
than ripe stage in IIHR249-1 and decreased at the ripe stage,
whereas in IIHR-2866 the expression was less compared to
IIHR249-1. CRTISO showed an increment in gene expression level from immature green stage to ripe stage in both the

Figure 3. (A) Carotenoids at different stages of ripening parents
and (B) F2’s (in ripe stage only).

genotypes. The expression pattern for LCY-B was different
between the two genotypes. IIHR 249 -1 showed 3-fold
decrease in gene expression from the immature green stage
to the ripe stage and IIHR-2866 showed an almost similar
expression pattern at immature green and mature green, but
later there was a higher expression observed at the breaker
and the ripe stage. Similarly, in case of CYC-B there was a
decrease in gene expression in IIHR-249-1 by 1.8-fold from

Table 1. List of gene-specific primers used for qRT PCR. PSY (Phytoene synthase), PDS (Phytoene desaturase), ZDS (Zeta carotene
desaturase), CRTISO (Carotenoid Isomerase), LCY-B (Chloroplast Lycopene beta cyclase), CYC-B (Chromoplast Lycopene beta cyclase),
TIP 41 (TIP41-like protein)
Gene name
PSY
PDS
ZDS
CRTISO
LCY-B
CYC-B
TIP 41

J. Biosci. 41(2), June 2016

Primer sequence (5′ - 3′)
Forward sequence

Primer sequence (5′ - 3′)
Reverse sequence

ATCAGTCCGGGAGGGAAA
GACTTTGCATGCCGATTGTT
CTGTAGCTCTTGCCCTTAGTC
GAGAGCTATGGCAGTAGTGATG
TAGTGTCCTTGCCACCATATAAC
GGAATGGTTTGTGGCCTTTG
ATGGAGTTTTTGAGTCTTCTGC

TGCTTTCCACCACCTCTATTG
AACTCTTGACACTTCCATCCTC
CGTCCCACCTTTAGACAGAAA
TGCCACCAATCCACCTATTC
GTGGTCCACTTCCAGTATTACC
AGGAACCCTTGCCAGTATTTAG
GCTGCGTTTCTGGCTTAGG
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Figure 4. Transcript levels of six selected genes at different stages of ripening. Columns and bars represent the mean and standard error
(n=3).

the immature green stage to the ripe stage in contrast to
IIHR-2866, which showed 6.3-fold increase in gene expression. Both LCY-B and CYC-B showed down-regulation in
high lycopene genotype and upregulation in low lycopene
genotype.
In the selected F2 segregants, viz. three high and three low
lycopene lines, the expression pattern of both LCY-B and CYCB was similar. We observed decrease in gene expression for
both the genes: CYC-B showed 0.25-fold and LCY-B showed
0.58-fold decrease in expression in high lycopene F2 segregants, whereas in low lycopene F2 segregants, there was an
increase in expression. At red ripe stage CYC-B showed 3.9fold and LCY-B showed 4.3-fold increase in expression in low
lycopene F2 segregants (figure 5).
4.

Discussion

In the present study, phytoene and phytofluene levels
were higher in case of IIHR249-1 compared to IIHR2866 as these two compounds are precursors for lycopene. We observed higher expression of PSY (36-fold)
and PDS (14-fold) in IIHR249-1 at the breaker and the
ripe stage, which leads to accumulation of upstream carotenoids which further gets converted to lycopene
(figure 3A). In earlier studies, it has been shown that
the mRNA levels of the genes PSY and PDS increase

significantly during the breaker stage (Hirschberg et al.
1997; Giuliano et al. 1993; Fraser et al. 1994). A similar
increase in mRNA was found in the genes GGPPS
(GGPP synthase), PSY and PDS during fruit ripening of
bell pepper (Kuntz et al. 1992). We know that lycopene
is formed sequentially by desaturation of Phytoene from
PDS and ZDS. ζ- carotene desaturase showed an increase
in expression in both the genotypes (figure 4). Similar
results were obtained in citrus where there was an increase in ZDS gene expression from immature green stage
to full colour stage (Alquezar et al. 2009). The expression levels of CRTISO were high in both genotypes
(figure 4); the function of this enzyme is the isomerization of carotenes in initial stages of the pathway leading
to the formation of lycopene. In E. coli this enzyme was
identified and confirmed by functional expression that it
has the activity of cis to trans isomerization of carotenes,
especially prolycopene (Isaacson et al. 2002).
The cyclization reaction would be the same when acyclic
intermediates are lycopene. The cyclization of lycopene
creates a series of carotenes that have one or two rings of
either the β- or ε-type. Lycopene ε-cyclase converts lycopene
to δ-carotene (Inoue et al. 2006). Lycopene β-cyclase (LCYB) catalyses a two step reaction that leads to the formation of
β-carotene. There are two types of Lycopene β-cyclase, viz.
Chromoplast specific Lycopene β-cyclase (CYC-B) and
Chloroplast specific Lycopene β-cyclase (LCY-B). The
J. Biosci. 41(2), June 2016
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Figure 5. Transcript levels CYC-B and LCY-B at ripe stage in selected F2s. Columns and bars represent the mean and standard error
(n=3).

transition of chloroplasts into chromoplasts during fruit ripening represents one of the most visible events (figure 6). It
was studied by Li and Yuan (2013) that carotenoids are

Figure 6. Chloroplast to Chromoplast transition in tomato fruits.
J. Biosci. 41(2), June 2016

present in the plastids along with chlorophyll at breaker
stage, viz. chromoplast and chloroplast both are involved
in carotenogenisis
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Table 2. Comparison of the previous studies and present study in tomato
Sl. No

1

Studies
on
carotenoid Genotypes used
biosynthesis in tomato
Ronen et al. 1999

2 Smita et al. 2013a

Gene expression changes at ripe stage

Wild type

PSY
↑

PDS
↑

ZDS
NS

LCY-B
↓

Delta mutant

NS

↑

NS

↓

NS

↑

Pusa Rohini (HL)

↑

↓

↓

↑

NS

NS

VRT-32-1 (LL)
3 Smita et al. 2013b

4 Present Study

CYC-B
NS

LCY-E
↓

Data not shown

EC-521086(HL)

↑

↑

↑

↓

NS

NS

VRT-32-1 (LL)

↑

↑

↑

↑

NS

NS

IIHR 249-1 (HL)

↑

↑

↑

↓

↓

NS

IIHR 2866 (LL)

↑

↑

↑

↑

↑

NS

↑ – up-regulation, ↓ – down-regulation, NS – Not studied, HL – high lycopene, LL – low lycopene, red arrows – similarities , blue arrows –
indicate differences, yellow arrows – only expression of LCY-E (Lycopene ɛ cyclase), and black arrows – expression of CYC-B.

In the current study, we observed that there is a downregulation of both the cyclases in IIHR 249-1, and therefore
lycopene is not converted to β-carotene, leading to the accumulation of lycopene, which gives the fruit its dark red colour.
In this study, we have studied CYC-B expression along with
LCY-B as both are involved in lycopene synthesis. It was
observed by Pecker et al. (1996) that the accumulation of
lycopene in tomato fruits was due to the down-regulation of
the lycopene β-cyclase that occurs at the breaker stage of fruit
development. A comparision of earlier studies in tomato by
Ronen et al. (1999) and Smita et al. (2013a, b) with the present
study is made (table 2). We can observe that there is downregulation of lycopene β-cyclase in both wild and Delta mutant.
There was down-regulation of Lycopene ε-cyclase in wild and
up-regulation in Delta mutant (Ronen et al 1999). The study by
Smita et al. (2013a) shows that there is a up-regulation of
Lycopene β-cyclase (LCY-B) at ripe stage in Pusa Rohini (high
lycopene). There was one more study by the same group
(2013b), as shown in table 2, where Lycopene β-cyclase
(LCY-B) showed down-regulation in EC-521086 (high lycopene) and up-regulation in VRT-32-1 (low lycopene). Similar
up-regulation and down-regulation of LCY-B and CYC-B are
observed in IIHR 2866 and IIHR 249-1 (high lycopene ) in our
study. Although Pusa Rohini is a high lycopene line, there was
a change in expression of Lycopene β-cyclase (LCY-B) observed, from that of EC-521086 and IIHR 249-1 (high lycopene
lines). This may vary depending on the genotype. Therefore,
the co-ordinated down-regulation of both the cyclases can be
accounted for the accumulation of lycopene in our study. The
contrasting F2 plants followed the same pattern of expression as
the parents. The gene expression of LCY-B and CYC-B reduced
at the breaker and ripe stages in high lycopene F2 lines as in
parent IIHR249-1, whereas there was an increase in expression
in low lycopene F2 plants as seen in parent IIHR2866. Several
studies in tomato show that lycopene content is improved or

enhanced through the mutant lines or through the transgenic
approach (Giorio et al. 2007; Apel and Bock 2009). Our study
shows that Lycopene β-cyclases are the key genes responsible
for accumulation of lycopene in tomatoes. This is in agreement
with earlier studies in tomato as well as other plant species.
Results of this study are beneficial to improve the lycopene
content as well as total carotenoids (24.01 mg/100g fresh
weight in IIHR-249-1) in tomato using conventional breeding
methods in the background of good agronomic traits. These
differences in gene expression can be employed as markers for
selection in marker-assisted breeding. These results suggest that
transcriptional regulation of genes involved in carotenoid pathway is the key mechanism for lycopene accumulation. It is clear
from this study that the total carotenoid content in tomato
increases due to the high expression of the up-stream genes in
the pathway, and also the differential expression of Lycopene βcyclases indicates that there may be different control mechanism
that accounts for lycopene accumulation in IIHR-249-1. These
results are consistent with the gene expression pattern in high
lycopene lines in tomato from earlier studies. However, there
may be genotypic differences that can be associated with pigment
content as well as gene regulation, which is to be studied further.
The molecular mechanism behind lycopene accumulation and
gene expression leading to genotypic differences can be studied
through characterization of promoters, transcription factors and
miRNAs specifically for key candidate genes which will help us
in understanding and improving the knowledge to develop tomato lines which are rich in carotenoids and antioxidants.
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