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Abstract
Leucoanthocyanidin reductase (LAR) is one of the downstream enzymes of the flavonoid pathway in plants. This gene is known to
have a positive correlation with catechin accumulation, a type of flavonoid compound. The present work aimed at isolating the
LAR gene from a Camellia assamica cultivar and studying its expression pattern in the shoot tips and roots through quantitative
real time-polymerase chain reaction. qRT-PCR analysis showed a 0.6-fold increase in expression of LAR in roots than the shoot
tips. A full-length cDNA of this gene having an ORF of 1029 bp was cloned into a heterologous host (Escherichia coli) followed by
protein expression study. The expressed protein showed a molecular weight of ~ 50 kD. Further study is required to elucidate the

role of LAR gene in accumulation of catechins by comparing the gene expression with catechin concentration.
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Introduction
Flavonoids are polyphenolic compounds produced as secondary metabolites in plants. They have gained importance in the
recent past due to their pronounced health-benefitting properties as antioxidant, antibacterial, antiviral, anti-obesity and anticarcinogenic agent [1,2]. Tea is one of the most important cash crops where the flavonoids are responsible for the briskness
and astringency of the brew. Tea contains 750 times more flavonoid as compared to coffee, with catechins being the highest
available flavonoid [3,4]. Flavonoid biosynthesis pathway of tea involves the interaction of various enzymes leading to the
production of catechins, epicatechins, gallocatechins and epigallocatechins [5].

LAR, one of the key enzymes involved in the biosynthesis of proanthocyanidins, catalyses the production of the monomeric
subunits, catechins [6]. It is one of the downstream genes of the flavonoid biosynthesis pathway and might have a direct
influence on the accumulation of catechins. Reports showed a positive correlation between the expression of LAR gene and
accumulation of total catechins in tea (Camellia sinensis) [5]. LAR gene was first isolated from Desmodium uncinatum by
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Tanner et al. [7]. Later, this gene was also isolated from several plant species and characterized [6,8]. Tanner et al. showed
that the LAR protein was able to catalyse the conversion of leucocyanidin, leucodelphinidin and leucopelargonidin to their
corresponding trans-flavan-3-ol [7]. LAR gene has been shown to possess different expression patterns in the skin and seeds
of grapevine (Vitis vinifera) [9]. This might probably indicate a difference in the accumulation pattern of catechins in
different organs of the same plant.

Considering the positive correlation between LAR gene expression and catechin accumulation, a study was carried out to
determine the difference in expression pattern of LAR gene in different organs (shoot tips and roots) of Assam tea (Camellia
assamica). A full-length cDNA of this gene was then cloned and expressed in a bacterial expression system to study the LAR
protein.

Materials and Methods
Plant material
Shoot tips (two leaves and buds) and roots were collected from the S.3A/3 tea plant maintained in the germplasm collection
centre of Tocklai Tea Research Institute, Jorhat, Assam. S.3A/3 is a representative of Assam tea (Camellia assamica). The
collected samples were immediately stored at -80°C to prevent any loss in sample quality due to enzymatic activities.

RNA extraction and cDNA synthesis
Total RNA was extracted from 100 mg of each sample according to the protocol of Zaman et al. [10]. The integrity and
quality of the extracted RNA was checked on a 1% agarose gel. The concentration and purity of the RNA was recorded in
Biophotometer (Eppendorf).

1000 ng of RNA from each sample was used for the preparation of first strand cDNA using the Verso cDNA synthesis kit
(Thermo Fisher Scientific Inc.). This cDNA was later amplified using specific primers for gene expression studies and
cloning purpose.

Gene expression study in different tissues of the tea plant
LAR gene sequence of Camellia sinensis present in NCBI database (www.ncbi.nlm.nih.gov) was downloaded for primer
designing. Gene specific primers were designed using the Primer 3 (v.0.4.0) software to generate products in the 150 bp to
200 bp range (SUPPLEMENTARY TABLE 1). Expression of the LAR gene in shoot and root samples of tea plant was
estimated through quantitative RT-PCR. cDNA prepared from both shoot tips and roots were used as template to study the
gene expression pattern. Quantitative RT-PCR was carried out in a Light Cycler 480 system (Roche). PCR was performed in
10 µl reaction volume containing 1X SYBR Green master mix (Thermo Fisher Scientific Inc.), 0.5 mM of each primer, 0.5 µl
cDNA template and nuclease-free water to adjust the reaction volume. All the reactions were performed in triplicates.

Analysis of gene expression was done using the ddCt method. 18S rRNA gene was considered as the reference gene against
which the Ct values obtained for the LAR gene were normalized. Fold change in gene expression was calculated relative to
the shoot sample.
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Full length gene amplification and sequencing
The primers for full length gene amplification were designed to contain an adaptor sequence which is the reverse complement
of a homology region of the vector. This was followed by a ribosome binding site (RBS) and gene specific sequence for
ligating into the vector of interest. (FIG. 1) (The primer sequences have been provided in the SUPPLEMENTARY TABLE
1).

FIG. 1. Diagrammatic representation of the SLIC method.

The cDNA prepared from the shoot tips was used for amplification using the full-length gene specific primer with an
expected band size of 1098 bp. PCR reaction mix was prepared in 10 µl volume consisting of 0.5 µl cDNA template, 1X Taq
buffer B, 1.25 mM MgCl2, 0.5 mM each of forward and reverse primers and 0.03 U Taq DNA polymerase. The reaction was
carried out in a Veriti 96-well thermocycler (Applied Biosystems) with the following profile (TABLE 1).

TABLE 1. PCR profile for full length gene amplification.

Initial denaturation

94°C

5 minutes

Denaturation

94°C

30 seconds

Annealing

61°C

30 seconds

Extension

72°C

2 minutes

Final extension

72°C

7 minutes

Hold

4°C

α

35 cycles
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After amplification, the amplified product was electrophoresed on a 1% agarose gel at 100 V for 30 minutes. The desired
amplicon was gel purified using the Hipura Quick gel purification kit (Himedia). Sequencing of the purified amplicon was
done through capillary sequencing in an ABI 3130xl Genetic Analyzer (Applied Biosystems) to confirm the identity of the
isolated gene.

Amplification of vector and cloning
The pACE1 vector purchased from ATG Biosynthetics, Germany was used for both cloning and expression of the LAR gene.
pACE1 vector was amplified with vector specific primers (SUPPLEMETARY TABLE 1) according to the manufacturer’s
instructions to generate the linearised form of the vector (FIG. 1). Vector amplification was carried out in 100 µl reaction
volume consisting of 100 ng template DNA (vector DNA), 1 mM each of forward and reverse primers, 2X HF buffer and
0.01 U Phusion DNA polymerase (NEB). The following profile was maintained during the amplification process (TABLE 2).

TABLE 2. PCR Profile for vector amplification.

PCR Profile
Initial denaturation

98°C

5 minutes

Denaturation

98°C

30 seconds

Annealing

50°C

30 seconds

Extension

72°C

2 minutes

Final extension

72°C

7 minutes

Hold

4°C

α

18 cycles

The amplified linearised vector was checked on a 1% agarose gel to confirm the expected band size of 2529 bp.

The sequence and ligation independent cloning (SLIC) method as reported by Jeong et al. [11] was followed for cloning the
LAR gene into the vector. This method relies on the 5’ exonuclease activity of T4 DNA polymerase to generate 3’ overhangs
in the absence of dNTPs (FIG. 1). The linearised vector pACE1 and the amplified LAR gene were mixed in a 1:1 molar ratio
in the presence of NEBuffer 2 and T4 DNA polymerase and incubated at room temperature for 3 minutes. The reaction mix
was then immediately transferred to ice and placed for 10 minutes. This mixture was used for transforming 50 µl of
chemically competent DH10β cells using the heat shock method. The transformed cells were streaked on the surface of an LB
agar plate containing 100 µg/ml ampicillin as a selection marker and incubated overnight at 37°C.

Protein expression study
Colonies that appeared on the selection plate were screened for the presence of the recombinant vector containing the gene of
interest using colony PCR and restriction digestion. The positive clones were further used for isolation of the recombinant
plasmid and then transforming the plasmid into chemically competent BL21 (DE3) pLyss cells (NEB). Protein expression
was induced with 1 mM isopropyl β-D thiogalactopyranoside (IPTG) and the proteins produced were extracted using the
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Qproteome bacterial protein prep kit (Qiagen). The extracted protein sample was loaded on an SDS-PAGE gel to analyze the
presence of the recombinant protein [12].

Results
Expression analysis of the LAR gene in shoots and roots
The total RNA extracted from the shoot tips and roots was found to be of good quality showing the presence of intact 28S
and 18S ribosomal RNA bands (FIG. 2). A desired A260/280 ratio of 1.8 also confirmed the quality of the extracted RNA.
First strand cDNA was synthesized from 1000 ng of RNA from each sample which was later used as a template for
amplification of the LAR gene.

FIG. 2. Total RNA isolated from shoot tips and roots.

A part of the LAR gene was amplified in both shoots and roots of Camellia assamica plant using RT primers. A size of ~ 150
bp confirmed the exact amplification of this gene. Expression pattern of the LAR gene was then studied in both the plant
parts through qRT-PCR to get an idea about the possible accumulation of catechins in the different organs. Analysis of the
amplified gene in both the samples showed that the expression of the LAR gene was 0.6-fold higher in the root sample than
the shoot tips. This increased expression of the LAR gene could be attributed to a higher copy number of this gene in the
roots than in the shoot tips under the same environmental conditions.

Confirmation of the LAR gene sequence
Full length amplification of the LAR gene was done using gene specific primers to get a band size of 1098 bp (FIG. 3). The
amplified gene was sequenced and then subjected to multiple sequence alignment (MSA) using the ClustalW program with
the template LAR gene sequence of C. sinensis from which the primer was designed. MSA showed more than 99% similarity
with the template sequence which confirmed the identity of the LAR gene isolated from C. assamica.

FIG. 3. Full length amplification of LAR gene from cDNA.
Lane 1: Amplified LAR gene of shoot tips
Lane 2: Amplified LAR gene of roots
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Lane 3: 1 Kb molecular ladder (NEB).

Cloning and expression study of LAR gene
A full-length LAR gene was successfully amplified using gene specific primers and cloned into the pACE1 vector using the
SLIC method. This was evident from the colony PCR results showing the amplification of LAR gene fragment in the isolated
colonies (FIG. 4).

FIG. 4. Colony PCR of LAR gene from different colonies.

Lane 1: 500 bp molecular ladder (Genei)
Lane 2-6: LAR gene amplification from 5 different colonies
Restriction mapping was done using HindIII and BamHI restriction endonucleases to release the insert of 1098 bp and the
vector backbone of 2529 bp (FIG. 5).

FIG. 5. Restriction digestion of the recombinant pACE1 vector releasing the insert and vector backbone.

After confirming the integration of the LAR gene into the vector, the recombinant vector was re-transformed into BL21
(DE3) pLyss expression system for the production of the recombinant protein. Recombinant protein expression was induced
with 1 mM of IPTG. Total protein was extracted from the culture and loaded onto an SDS-polyacrylamide gel. The induced
recombinant protein could be visualized as a dark band after staining and de-staining of the gel (FIG. 6). The protein band
corresponded to a size of ~ 50 kD.
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FIG. 6. SDS-PAGE showing the expressed recombinant LAR protein.

Lane T: LAR protein induced with 1 mM IPTG
Lane M: Protein molecular marker (Thermo Scientific).

Discussion
Tea plant serves as one of the richest source of catechins and have undergone various research related to the improvement of
catechin production. The pathway for catechin production involves the communication of many enzymes of which the
downstream enzyme leucoanthocyanidin reductase (LAR) plays an important part. This gene is known to be involved in the
direct conversion of leucocyanidins to catechins. CaLAR gene was isolated from a C. assamica cultivar S.3A/3 and the
identity was confirmed through sequencing. CaLAR had an ORF of 1029 bp which was of the same size as reported for the
LAR sequence by Lei et al. [13]. The confirmation of the LAR protein was made through SDS-PAGE analysis after
induction with 1 mM IPTG. A size of nearly 50 kD of this induced protein indicated the different post-translational
modifications which might have added to a larger size of the protein as compared to its theoretical size of 37.5 kD. In
contrast, Lei et al. [13] in an earlier study has reported a size of 60 kD for this same protein. Successful expression of the
LAR gene in a heterologous host needs to be compared with the amount of catechin produced. This will enable the efficient
production of catechins by manipulating the expression of the LAR gene.

LAR gene is known to positively affect total catechin accumulation. There have been many studies on the expression pattern
of this gene in relation to the total catechin accumulation [6,14]. In a study conducted by Wen et al. on the effect of UV-C
irradiation on flavanol accumulation, it was found that UV-C irradiation increased the synthesis and activity of LAR gene
and thereby caused increased accumulation of flavanols in grape berry [15]. Liu et al. had earlier reported an Arabidopsis
ldox mutant that over-expressed the cocoa LAR gene, showed elevated levels of both catechin and epicatechin [16]. In this
context, we made an effort to study the expression pattern of LAR gene in the shoot tips and roots of a Camellia assamica
cultivar S.3A/3. Based on the data obtained from real time – PCR, it was clear that there was a preferential expression of the
LAR gene in roots than shoot tips. The over-expression of a LAR gene in roots of poplar plant (Populas trichocarpa) was
reported by Yuan et al. [17] and the constitutive expression of this gene would be able to promote enhanced resistance to
fungal pathogens. In tea (Camellia sinensis), the role of LAR gene in catechin accumulation in vitro was clearly analyzed by
Pang et al. [18]. Later, Liu et al. also showed that the relative expression level of LAR gene in spring harvested tea plants (C.
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sinensis) was significantly and positively correlated with increased total catechin accumulation [19]. The tissue-specific and
increased expression of the LAR gene in roots of Assam type tea plant can, as such, be an indication of the possible increased
accumulation of catechins in the roots as seen from earlier reports. Having said this, further study on the concentration of
catechins in shoots and roots needs to be carried out to ascertain the direct correlation of LAR gene expression with catechin
accumulation.

Conclusion
A thorough understanding on the activities of the flavonoid pathway enzymes would enable us to engineer the pathway genes
for improving the catechin production. LAR gene, an important downstream gene of the pathway, has previously been shown
to positively effect catechin accumulation. An increased expression of the LAR gene was seen in the roots of Camellia
assamica tea plant as compared to the shoot tips. This could possibly indicate a higher catechin content in the roots which
needs to be further evaluated. Successful cloning of a full-length LAR gene and expression in a bacterial host would create an
opportunity for the heterologous production of catechins in the future for commercial purposes.
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SUPPLEMENTARY TABLE 1. Sequences of the different primers used in the study.

Serial No.

Name

Sequence

1.

CaLAR_F

5’GTTTAACTTTAAGAAGGAGATATACATATGAGGAGGTACAGCT3’

2.

CaLAR_R

5’CTTTGTTAGCAGCCGGATCTCTCGAGTAGTGTTACACA3’

3.

CaLAR_RT_F

5’TTCGTACGCTGAACAAATCG3’

4.

CaLAR_RT_R

5’TATTCACTGCTGCTGCTGCT3’

5.

VEC_F

5’CTCGAGAGATCCGGCTGCTAACAAAG3’

6.

VEC_R

5’CATATGTATATCTCCTTCTTAAAGTTAAAC3’
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