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ABSTRACT

In order to elucidate a gene regulation model for biosynthesis of the major pharmaceutical compound
curcumin in turmeric (Curcumalonga), a precise knowledge of sequence diversity and expression patterns
of key genes of the pathway is necessary. Polyketide synthases (PKS) being the key enzymes involved in
the pathway, attempts were made to mine the major PKS from the transcriptome of the Curcuma rhizome.
Comparative expression of candidate genes vis a vis curcumin content across accessions, various develop-
mental stages, environmental conditions and management practices was analyzed. The full length cDNA
of a novel PKS, showing higher transcript abundance and significant correlation with curcumin content
was amplified and bioinformatic analysis was carried out. The present study could mine 63 transcripts
of PKS from Curcuma transcriptome and among them, a novel transcript (CIPKS11) showed 69 fold higher
expression in a high curcumin variety. The expression of CIPKS11 correlated with curcumin content under
different experimental conditions. It contained an open reading frame of 1176 bp, encoding a polypeptide
of 391 amino acids with a predicted molecular mass of 42.9 kDa. CLPKS11 showed maximum identity of
72% with CURS3 (curcumin synthase 3) and exhibited amino acid differences in the substrate binding
pocket, cyclization pocket and geometry shapers surrounding the active site. Molecular docking studies
indicated a high substrate affinity for CLPKS11. Intrinsic levels of CIPKS11 may be used as a marker for
screening for curcumin, as it shows divergent expressions in high and low curcumin genotypes that are
detectable even at the very early developmental stage. The present study also laid the foundation for over
expression of CIPKS11 in turmeric to investigate its physiological role in curcumin biosynthesis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Curcumin has been widely studied for anti-inflammatory (Satoskar
et al., 1986), anti-cancer (Kuttan et al., 1985), anti-oxidant (Toda

Curcuma longa L., (turmeric) is an important rhizomatous
medicinal spice belonging to the family Zingiberaceae. It is an indis-
pensable ingredient in many Asian dishes that gives yellow colour
to the curries and has religious significance. It is also used in tra-
ditional medicines since ages to treat a large number of disorders
and diseases. Therapeutic properties of turmeric are attributed to
the curcuminoid, which is a mixture of curcumin, demethoxycur-
cumin and bisdemethoxycurcumin. In modern medicine, over 1000
published in vivo and in vitro studies revealed the importance of
curcumin (diferuloylmethane) in treating various diseases ranging
from arthritis and inflammation to Alzheimer’s disease and cancer.
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et al., 1985), wound healing (Sidhu et al., 1998) and anti-microbial
activities (Negi et al., 1999). Of late curcumin supplements are get-
ting great media coverage and several multinational brands are
vying with each other in the global market to promote it as a health
supplement.

Curcumin is a phenylpropanoid derivative (Roughley and
Whiting, 1973; Kita et al., 2008) and belongs to diarylheptanoid
which is a small class of plant secondary metabolites. Schroder
(1997) proposed that type Il PKS are involved in diarylhep-
tanoid biosynthesis. PKSs generate molecular diversity by utilizing
different starter molecules and by controlling the final length
of the polyketide. PKS belong to family of condensing enzymes
and play a key role in the biosynthesis of variety of secondary
metabolites including chalcone, stilbene, phloroglucinols, resorci-
nols, benzophenones, biphenyls, bibenzyls, chromones, acridones,
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Fig. 1. Proposed pathway for curcumin biosynthesis (Katsuyama et al., 2009a,b).

pyrones etc (Jez et al., 2000). Ramirez-Ahumada et al. (2006) sug-
gested that either a single enzyme or multiple enzymes with
similar properties is involved in curcumin biosynthesis. Katsuyama
et al. (2009a,b) identified and characterized four type III PKSs from
turmeric: one diketide CoA synthase (DCS) and three isoforms of
curcumin synthase (CURS). They suggested that DCS synthesizes
feruloyldiketide-CoA/p-coumaroyldiketide CoA and CURS1-3 then
converts diketide-CoA esters into a curcumin scaffold. Further,
Katsuyama et al. (2010) exploited E. coli carrying an artificially
assembled pathway for curcumin biosynthesis. Feeding various
analogs of p-coumaric acid to E. coli harbouring curcumin syn-
thase, acetyl-CoA carboxylase and 4-coumarate CoA ligase led to
the production of 17 unnatural curcumin. Resmi and Soniya (2012)
suggested that a type III PKS, CIPKS10 may have a possible role in
curcumin scaffold biosynthesis. Koo et al. (2013) suggested that the
large array of PKS-derived compounds may be the result of multiple
PKS-like enzymes catalyzing slightly different reactions, each with
different substrate specificities and product outcomes. The involve-
ment of B-ketoacyl-CoA synthase-like subclass, specific reductases,
hydroxylases and MYB transcription factors in curcumin biosyn-
thesis has been suggested by Ramirez-Ahumada et al. (2006) and
Koo et al. (2013). Thus curcumin biosynthetic pathway can be
divided into upstream and downstream sections. The upstream
section involves the general phenylpropanoid pathway genes lead-
ing to the formation of aromatic CoA esters, p-coumaroyl CoA and
feruloyl CoA namely PAL, C4H, 4CL, HCT, C3H and COMT and the
downstream genes include DCS, CURS1, CURS2 and CURS3 (Fig. 1).1t
has been reported that most of the phenylpropanoid genes exist as
multigene families (Nair et al., 2002) and divergent isoforms could
play distinct roles in secondary metabolisms (Lu et al., 2006). In
Arabidopsis, four isoforms of PAL and 4CL have been identified in
which PAL1, PAL2 and 4CL3 are known to be involved in flavonoid
biosynthesis while 4CL1 and 4CL2 participates in lignin biosynthe-
sis (Li et al., 2015; Huang et al., 2010). Thus specific isoform of
phenylpropanoid genes involved in curcumin biosynthesis has to
be identified to correlate gene expression and metabolite concen-
tration. Thus at present a detailed research on biosynthetic pathway
involving relevant enzymes, rate-limiting step and metabolic reg-
ulation is necessary.

Turmeric being a non model crop, for a better understanding
of the molecular level information, it was necessary to exploit the

high throughput sequencing platforms and bioinformatic tools. The
previous study on transcriptome analysis of C. longa (high cur-
cumin) and its related species, C. aromatica L. (very low curcumin)
revealed that all the candidate genes of curcumin biosynthesis were
present in both the species. Even though no significant variation
was observed in the expression level of candidate genes, many tran-
scripts including PKS and transcription factors showing differential
expression were identified (Sheeja et al., 2015). The variations in
curcumin content in turmeric accessions provide interesting mate-
rial for the present study. The present study tried to focus on the
major PKS, being the most important class of key enzymes of the
pathway. Moreover, it has been reported that curcumin accumu-
lation often exhibit spatio-temporal and environmental variations.
Therefore differential expression analysis between genotypes vary-
ing in curcumin content will give a better understanding about
genes involved in this pathway. Moreover, the involvement of the
key genes in biosynthesis of curcumin may be confirmed through
correlation of the gene expression levels with the metabolite levels
as done in similar studies (Wei et al., 2011). Hence in continuum
with the earlier studies (Sheeja et al., 2015), the expression profile
of major PKS under different experimental conditions was eval-
uated and examined their correlation with curcumin content to
verify their involvement in curcumin synthesis. The present study
also describes the cloning and characterization of a major novel
PKS (CIPKS11) from C. longa. These results will contribute to further
study on the role of PKS genes in curcumin biosynthesis and also
provide more insights into pathway modelling and regulation.

2. Materials and methods
2.1. Plant material

To construct full length cDNA library, leaf, pseudostem, rhi-
zome and root of a high curcumin turmeric genotype viz.,, Mega
turmeric maintained in ICAR- Indian Institute of Spices Research
(IISR) experimental farm, Peruvannamuzhi were used. Since the
curcumin content of [ISR Prathibha was reported to be higher in
Kozhikode (4.6%) than Coimbatore (2.9%) (Anandaraj et al., 2014),
these two locations were chosen to study the influence of envi-
ronment on PKS genes. Two turmeric genotypes with contrasting
curcumin content viz., [ISR Prtahibha, a released variety of IISR
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with high curcumin content and accession 449, a germplasm entry
with low curcumin content were planted in the field of ICAR-
[ISR (11.2994°N, 75.8407°N), Kozhikode, Kerala under rain-fed
condition and at Tamil Nadu Agricultural University (9.1913°N,
77.8803°E) Coimbatore, Tamil Nadu under irrigated condition. The
fertilizers were applied as per the farm guidelines. The same set
of plants were also planted in grow bags filled with potting mix-
ture devoid of fertilizers to limit the curcumin biosynthesis and was
maintained in green house at IISR, Kozhikode. Leaves and rhizomes
were collected during 60, 120 and 180 days after planting (DAP).

For studies on effect of light regimes, IISR Prathibha was grown
under different shade nets (red, green and white) where the open
condition served as the control. For studies on the effect of man-
agement practices, three treatments viz., (1) Organic 100% (30t
FYM+2t Neem cake+1t Ash+4t) Vermi compost per ha, Biofer-
tilizer — Azospirillum and Pseudomonas sp. as seed treatment and
spray of Bordeaux mixture and neem oil for disease and pest con-
trol, (2) Inorganic 100% (Recommended dose of fertilizer NPK at
75, 50, 50 kg/ha with recommended chemical methods of pest and
disease control) and (3) Integrated management (20t FYM + half
the recommended N, full P and K, P Solubilising bacteria and spray
with Dithane M45 and Quinalphos) were employed. The rhizome
samples were collected at 120 dap.

To analyze the sequence diversity of CIPKS11, the rhizomes
of three high curcumin genotypes (IISR Alleppey supreme, Mega
turmeric, ISR Prathibha), three low curcumin genotypes (Acc.19,
Acc. 200 and Acc. 449) and C. aromatica were collected from IISR
experimental farm, Peruvannamuzhi.

2.2. Screening of Curcuma transcriptome for type Ill PKS

Homologous transcripts to type Il PKS were searched for within
the text of annotated genes in C. longa and C. aromatica transcrip-
tome data (Sheeja et al., 2015; Santhi et al., 2016). Gene ontology
terms for each unigene were retrieved using the default settings of
Blast2GO software (Conesa and Gotz, 2008).

2.3. Total RNA isolation

Total RNA was isolated as described in Deepa et al., 2014 from a
pool of three biological replicates for each tissue and DNA digestion
was done with DNase I (Qiagen). The quality of RNA was checked in
1.2% agarose and quantified using Biophotometer plus (Eppendorf,
Germany). The samples used had two discrete bands of 28S and 18S
rRNA on agarose gel and A,gp /280 ratio between 1.8 and 2.0.

2.4. Quantitative real-time PCR

First strand cDNA was synthesized from 250 ng of total RNA
using Superscript Ill reverse transcriptase (Invitrogen) and Oligo-
(dT)1g primer in a total volume of 20 p.l. Gene expression profiling
was performed on Rotor-Gene Q (Qiagen) using QuantiFast SYBR
Green PCR kit (Qiagen). The reaction mixture comprised of 10 .l
of 2X SYBR Green, 10 pmol each of gene-specific primers and
0.4 .1 of cDNA in a final volume of 20 pl. PCR amplification was
performed under the following conditions: 95°C for 5min, fol-
lowed by 40 cycles of 95°C for 10s and 60°C for 30s. A melt
curve program of 65-99°C was included to check the speci-
ficity of PCR products. Three technical replicates of each reaction
were performed and mean Ct value was used for the analysis.
A reverse transcription negative control (without reverse tran-
scriptase) and a non-template negative control were included to
confirm the absence of genomic DNA and to check non-specific
amplification respectively. The primers were designed based on
previous transcriptome data (Sheeja et al., 2015) using Primer
Quest (www.idtdna.com/primer quest/home/index) and listed in

Table 1. The primers for the curcumin biosynthetic pathway genes
were designed based on the contigs which were up-regulated in
C. longa. The stability of six candidate reference genes were eval-
uated using a web based analysis tool, RefFinder (Xie et al., 2012)
which integrates four computational programs namely GeNorm,
Normfinder, BestKeeper and comparative delta Ct method to com-
pare and rank the candidate reference genes. Standard curves were
generated for each gene with serial dilutions of pooled cDNAs (101
to 10-6) to calculate the PCR efficiency. The relative gene expres-
sion was calculated using the 2-PACt method (Livak and Schmittgen
2001) and transformed to log, scale.

2.5. Cloning of full length cDNA of CIPKS11

The full length cDNA of CIPKS11 was amplified using inverse PCR
approach as described by Kuniyoshi et al., 2006. Briefly, first strand
cDNA was synthesized from 1 g of pooled total RNA (250 ng each
from four turmeric tissues viz., leaf, pseudostem, rhizome and root)
using SMARTer PCR ¢DNA synthesis kit (Clontech) according to
manufacturer’s instruction. Double-stranded cDNA was prepared
using PrimeSTAR HS DNA polymerase (Takara) and circularized
with T4 DNA ligase (Promega). Inverse PCR was carried out with
circularized double stranded cDNA using Ex-Taq DNA polymerase
and outward designed gene specific primers IP1 and IP2. A sec-
ond round of PCR was carried out with nested primers IP3 and IP4
(Table 1) with same PCR conditions to increase the specificity of PCR
products. These primers were designed from a transcript (326 bp)
which showed 69 fold higher expression in C. longa compared with
C. aromatica on comparative transcriptome analysis. The PCR prod-
ucts were purified, ligated in pGEM-T vector and transformed in
E. coli JM109 cells. The positive recombinants were sequenced bi-
directionally using M13 primers. The sequence analysis was carried
out in Bioedit software (Hall, 1999) with the known sequence of
CIPKS11. The full length coding sequence was further confirmed by
end to end PCR with CIPKS11 full length primers. The same primer
pair was used to generate the genomic DNA sequence of CIPKS11.

2.6. Sequence analysis of CIPKS11

Deduced amino acid sequences of CIPKS11 was obtained by
translating the cDNA sequences using the EMBOSS program
TRANSEQ (Rice et al.,, 2000). Comparative sequence analysis of
CIPKS11 was performed online using blastp (Altschul et al., 1990).
The open reading frame (ORF) was predicted by ORF Finder (Rombel
et al., 2002). The physical and chemical parameters of the protein
sequences were analysed using Protparam tool (Gasteiger et al.,
2005). Subcellular localisation analysis and the presence of signal
peptide and transmembrane regions were analysed using SLP-local
(Matsuda et al., 2005), SignalP 4.1 server (Petersen et al., 2011)
and TMPred server (Hofmann and Stoffel, 1993) respectively. Mul-
tiple sequence alignment of protein sequences with other PKSs was
conducted with ClustalW (Thompson et al., 1994) using default
parameters. The amino acid residues of substrate binding pocket,
cyclization pocket and geometry shapers were searched using the
SBSPKS web server (Anand et al., 2010).

2.7. Phylogenetic analysis

Phylogenetic analysis for sequences was performed using differ-
ent methods such as Bayesian analysis, maximum parsimony, and
maximum likelihood and the consense tree was taken. Bayesian
analysis was performed in MrBayes version 3.1 (Ronquist and
Huelsenbeck, 2003) with two searches run simultaneously for
atleast two million generations. Flat-Dirichlet priors were used for
the gamma shape parameter and the proportion of invariable sites.
Three heated chains (temperature 0.2) and one cold chain were
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Table 1
Primers used for quantitative real time PCR and full length gene amplification.

Quantitative real time PCR primers to amplify candidate reference genes

Forward primer (5'-3')

Reverse primer (5'-3')

Regression coefficient (12) PCR efficiency (%)

EFla GCTGACTGTGCTGTTCTCATTAT CTCGTGTCTGTCCATCCTTTGAA 0.988 101
UBIQUITIN GCACTCTCGCTGACTACAAC GGCTTGGTGTAGGTCTTCTTC 0.996 116
ACTIN CAACAGCAGAACGGGAAATTG CATAATCAAGGGCGACATATGC 0.992 101
18SrRNA CCTTCCTCTAAATGATAAGGTTCAATG GATTGAATGGTCCGGTGAAGTGTT 0.970 99
GAPDH AACTGTAGCCCCACTCATTG GCATCTTAGGGTATGTGGAGG 0.998 109
TUBULIN GGCAGAGATCAGATGGTTCAG TGGACAATGAAGCACTCTACG 0.989 92
Quantitative real time PCR primers to amplify candidate PKS genes

DCS GTGCTGTTCATCCTGGACGAG CAACAGCACGCCCCAGTCGA

CURS1 TCAGCTCATCCATCACGAAGTACAC CATCATTGACGCCATCGAAGC

CURS2 TGTTGCCGAACTCGGAGAAGAC TCGGGATCAGGACTGGAACAAC

CURS3 CCCATTCCTTGATCCCTTTTCC TGGAGCCCTCCTTCGACGACC

CIPKS11 TGTCGGAGATCACCCACTTG CGGAGAAGGGAGACCGAGA

Inverse PCR primers

IP1: TCGTCGAAGGAAGTGTCCAT
IP3: GCCAAACTTCTCGGTCTCTC
Full length primers

Fp: CAGCAACCAGTTTCGCTTTC

IP2: CGATATGCCTGGAGCTGATT
IP4: GTCCATGTACGAGCACATCC

Rp: CGCCGGAATAAGCTACAGAG

used in each search; the parameter was then fixed for a bootstrap
analysis with 10000 replicates. Maximum likelihood analysis was
performed using GARLI version 2.0 (Zwickl, 2006) with two repli-
cates used to estimate model parameters; these parameters were
then fixed for a bootstrap analysis with 10000 replicates. Maximum
parsimony analysis was done with DNApars of Phylip package. The
majority-rule consensus of the bootstrap replicates was calculated
in consense and segboot in the Phylip package (Felsenstein, 1993).
When consense is run the majority rule consensus tree will result,
showing the outcome of the analysis and allows bootstrapping on
different methods in the package. E. coli 3-oxoacyl-ACP synthase
(GenBank: WP_052924124.1) has been designated as out-group for
the analysis.

2.8. Molecular modelling

Since experimentally and computationally solved structures
were not available for CIPKS11, three-dimensional (3D) protein
structure was constructed using Modeller 9.10 package (Eswar
et al., 2006). Calculation of cavity volumes was performed with
the CASTP program (Dundas et al., 2006) and the 3D molecular
structures and active-sites of proteins were visualized with UCSF
Chimera (Huang et al., 1996). Template structure of curcumin syn-
thase (PDB ID: 30V2) was downloaded from RCSB PDB (Bernstein
et al.,, 1977). The side chains and hydrogen atoms added for refin-
ing the structure and the stability of homology model has been
validated by checking the geometry using PROCHECK (Laskowski
et al., 1993). The model was validated using Ramachandran plot.
Ramachandran plot was identified by Procheck program of Struc-
tural Analysis and Verification Server (Laskowski et al., 1993).

2.9. Molecular docking

Molecular docking study was carried out using Molegro Vir-
tual Docker (Thomsen and Christensen, 2006) with CIPKS11 and
CURS as templates. The canonical smiles notations of substrates
(p-coumaroyl CoA, feruloyl CoA, p-coumaroyldiketide CoA and fer-
uloyldiketide CoA) were collected from PubChem (Kim et al., 2015).
The 3D structures of compounds were developed by 3D Structure
Generator CORINA (Sadowski et al., 2003) using canonical smiles
of the compound. Docking was carried out separately for CIPKS11
and CURS using single large volume active-site.

2.10. Estimation of curcumin content

The rhizomes were dried and ground to fine powder and cur-
cumin content was analyzed spectrophotometrically at 430 nm
following American Spice Trade Association (ASTA) procedure,
1968.

2.11. Statistical analysis

All statistical parameters were analyzed using SPSS 20.0 soft-
ware. The relationship between gene expression and curcumin
accumulation was performed using Pearson’s correlation coeffi-
cient and subjected to One-way analysis of variance (ANOVA) at
the 0.01 significance level.

3. Results and discussion
3.1. Identification of PKS candidates in Curcuma transcriptome

The transcriptome data was highly instrumental in identifying
the key PKS gene transcripts involved in curcumin biosynthesis. A
total of 34 and 29 PKS unigenes which includes curcumin synthase,
diketide CoA synthase and chalcone synthase from the transcrip-
tomes of C. longa and C. aromatica respectively were identified. The
presence of several PKS unigenes may be responsible for the pro-
duction of large array of diarylheptanoids in turmeric as suggested
by Xie et al., 2009. Twelve unigenes were found to be up-regulated
and 10 unigenes were found to be down-regulated in C. longa. These
up-regulated PKS unigenes may have a direct relation with cur-
cumin biosynthesis. Four unigenes showed >75% identity to type III
PKS2 of Musa acuminata Colla. with 64-69 fold higher expression in
C. longa. Similarly, three unigenes showed 94-96% identity to chal-
cone synthase of Kaempferia elegans Wall. with 30-37 fold higher
expression in C. longa. This suggests that these contigs might be
members of multigene families or part of same gene without over-
lapping sequences to form single large contigs (Upadhyay et al.,
2014). The remaining PKS unigenes were found to be expressed in
both the transcriptomes without much variation in their expression
level. Functional annotation of these twelve up-regulated unigenes
by gene ontology analysis annotated two unigenes as curcumin
synthase (691222 and 652976) and ten unigenes as chalcone syn-
thase (Table 2).
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Table 2
Gene ontology analysis of unigenes up-regulated in C. longa.
ContigID  Sequence FPKM FPKM Fold Sequence  Blast Blast top hit description GO names
length value in valuein C.  change descrip- similarity
C. longa aromatica tion mean
691222 326 695.55 10.04 69.25 curcumin  88.8 gi|293632012|gb|ADE59486.1| naringenin-chalcone synthase activity,
synthase protein homodimerization activity,
flavonoid biosynthetic process
675683 350 755.69 11.09 68.17 chalcone 93.15 gi|333609077|gb|AEF58784.1| naringenin-chalcone synthase activity,
synthase biosynthetic process
698710 470 621.33 9.28 66.96 chalcone  92.55 £i/695066950|ref|XP_009380378.1|  naringenin-chalcone synthase activity,
synthase flavonoid biosynthetic process
723003 284 439.81 6.68 65.85 chalcone 86.85 gi|695066948|ref|XP_009380377.1| transferase activity, transferring acyl
synthase groups other than amino-acyl groups,
protein homodimerization activity,
flavonoid biosynthetic process
674483 182 755.80 11.82 63.96 chalcone  79.75 gi|20540|emb|CAA32738.1| naringenin-chalcone synthase activity,
synthase flavonoid biosynthetic process
562074 306 137.70 3.74 36.82 chalcone 89 gi|333609095|gb|AEF58793.1| naringenin-chalcone synthase activity,
synthase protein homodimerization activity,
flavonoid biosynthetic process
599314 190 62.54 1.78 35.05 chalcone  87.65 gi|333609095|gb|AEF58793.1| naringenin-chalcone synthase activity,
synthase biosynthetic process
683784 244 133.62 4.07 32.84 curcumin  87.35 gi|723782502|gb|AlY23488.1| transferase activity, transferring acyl
synthase groups other than amino-acyl groups,
partial biosynthetic process
535759 962 68.67 2.30 29.80 chalcone  84.85 gi|293632012|gb|ADE59486.1| naringenin-chalcone synthase activity,
synthase protein homodimerization activity,
flavonoid biosynthetic process
608568 216 65.74 3.13 20.98 chalcone 90.95 gi|333609095|gb|AEF58793.1| naringenin-chalcone synthase activity,
synthase protein homodimerization activity,
flavonoid biosynthetic process
648985 187 515.31 24.75 20.82 putatative 92.15 gi|57471148|gb|AAW50921.1| naringenin-chalcone synthase activity,
chalcone biosynthetic process
synthase
652976 482 58.80 3.44 17.10 chalcone 92.65 gi|695066950|ref|XP_009380378.1] naringenin-chalcone synthase activity,
synthase flavonoid biosynthetic process
Table 3
Stability of reference gene expression in developing turmeric tissues.
Ranking Order (Better-Good-Average)
Method 1 2 3 4 5 6
Delta CT EFla UBIQUITIN 18SrRNA GAPDH ACTIN TUBULIN
BestKeeper 18SrRNA EFlo ACTIN UBIQUITIN GAPDH TUBULIN
Normfinder EFlo UBIQUITIN 18SrRNA GAPDH TUBULIN ACTIN
Genorm EFlot/UBIQUITIN 18SrRNA GAPDH ACTIN TUBULIN
Recommended comprehensive ranking EFl UBIQUITIN 18SrRNA GAPDH ACTIN TUBULIN
3.2. Identification of stable reference genes in turmeric 25
All the six reference genes were expressed in all the tissues of 2
turmeric. Gene specific amplification was confirmed by visualizing 5: \
a specific amplicon in 2% agarose gel electrophoresis, a single peak £ 75 \
in dissociation curve analysis and by sequencing. The PCR efficiency 8 T
. c
for the reference genes ranged between 92% to 116% and correlation k]
coefficient (r?) value from 0.970 to 0.996 (Table 1). The stabil- g 1
ity of reference genes when analyzed using Reffinder, the overall §
order from the most stable to the least stable reference genes was: g 05
EF1o <UBIQUITIN <18SrRNA <GAPDH <ACTIN <TUBULIN. All the com- g
putational programs, except BestKeeper identified EF1« as the most 0
stable gene in both developmental stages and tissues (Table 3). g g z g ES
=) Q ['4 =
Except TUBULIN, all the other genes had Genorm M value below 3 ] 3 a 3
. . . . . = - Q
1.5, indicating that the expressions of all the genes except tubulin - . 3
w
w

are stable across the samples (Fig. 2). Hence the most stable genes,
EF1a and UBIQUITIN were selected as reference genes for normal-
izing the expression of target gene. Further stable expression of
EFla and UBIQUITIN was observed under different light regimes
and management practices with Genorm M value below 1.5.

Fig. 2. Average expression stability values (M) of the candidate reference genes.
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3.3. Expression pattern of PKS vs curcumin content

The expression pattern of four reported type IIl PKS in curcumin
biosynthesis (DCS, CURS1, CURS2, CURS3) and a novel type IIl PKS
(CIPKS11) were analyzed in the present study. The expression pat-
tern of these genes in leaves and rhizomes of Prathibha planted
in field at Kozhikode was studied in three developmental stages
(60, 120 and 180 dap) (Fig. 3a and 3b). Compared with leaves, the
expression of CURST and CIPKS11 were up-regulated in rhizomes
from 60 to 120 dap and then decreased at 180 dap. The expression
of DCS, CURS2 and CURS3 showed maximum expression at 120 dap
compared with 60 dap and 180 dap. The curcumin content of IISR
Prathibha was found to be maximum in rhizomes when harvested
at 120 dap (6.52%) compared with rhizomes harvested at 60 dap
(0.79%) and 180 dap (5.73%). The result is consistent with the pre-
vious biochemical study (Neema, 2005). Thus all the type III PKS
showed higher expressions at 120 dap in rhizome when curcumin
content was maximum (6.52%). This indicates that the accumula-
tion of these enzymes is correlated with curcumin biosynthesis.
This is similar to studies by Sun et al., 2015; Huang et al., 2015; Shi
et al., 2014 in which the gene expression profile were correlated to
metabolite accumulation.

Four PKS genes namely DCS, CURS1, CURS3 and CIPKS11 showed
higher expression in [ISR Prathibha compared with Acc. 449 (Fig. 3¢)
when planted in three different environmental conditions. From
the same study, it was observed that IISR Prathibha grown in
Kozhikode under field conditions showed the highest PKS expres-
sion (Fig. 3d). The curcumin content of IISR Prathibha was higher
under field conditions at Kozhikode (6.52%) than Coimbatore
(4.53%) and was lowest under nutrient limiting condition in green
house at Kozhikode (1.54%). Similar trend was observed in Acc.
449, which showed highest curcumin content under field condi-
tions at Kozhikode (2.11%) compared with Coimbatore (0.56%) and
negligibly low under nutrient limiting conditions in green house
at Kozhikode (0.23%). It is thus evident that curcumin is subject
to environmental variations and conditions of growth and both
high and low curcumin genotypes showed a consistent behaviour.
It has been reported that curcumin content varies with varieties
(Sasikumar 2005; Sajitha et al., 2014) and subject to agro-climatic
variations (Anandaraj et al., 2014; Singh et al., 2013). Our results
suggest that the agro-climatic condition in Kozhikode favoured the
production of curcumin in IISR Prathibha, when grown under rain-
fed condition. Environmental factors were reported to influence
anthocyanin biosynthesis in many plants (Feng et al., 2010; Li et al.,
2012). In apples and pears, low temperature favours anthocyanin
accumulation and expression of genes related to anthocyanin
biosynthesis (Ubi et al., 2006; Steyn et al., 2005).

The effect of chemical management system on IISR Prathibha
decreased the expression of CURS1-3 and CIPKS11 compared with
organic and integrated management systems (Fig. 3e). Integrated
management practice yielded turmeric with high curcumin con-
tent (6.15%) compared with those grown under organic (5.71%) and
chemical management system (4.79%), highlighting the eminence
of integrated/organic management system over chemical manage-
ment system. Thus the study also indicates that integrated/organic
farming practices are better than chemical management for maxi-
mizing gene expression and curcumin content.

The influence of red, white and green shade nets in turmeric was
also assayed in IISR Prathibha where the open condition served as
the control. In this study, the expression of all the five PKS was found
to be reduced in red and white shade net conditions and on par
with green suggesting the regulatory role of light in the expression
of PKS genes and thereby curcumin levels (Fig. 3f). The curcumin
content was maximum in control (open- 5.22%) compared with that
under green (4.93%), white (4.84%) and red (4.45%) shade nets. The

accumulation of anthocyanin was also found to be suppressed by
shading (Jeong et al., 2004).

3.4. Correlation between gene expression and curcumin content

Among the five PKS genes analyzed, CURS1, CURS2 and CIPKS11
showed positive correlation with curcumin content when IISR
Prathibha was analyzed at 120 dap from different environmental
conditions, light regimes and management practices (Table 4). The
curcumin content and the expression of PKS genes were maximum
at 120 dap and was reduced at 180 dap. This might be attributed
to the reason that curcumin levels are more or less stable after 180
dap (Neema, 2005). Similar results were also reported in Matthiola
incana L. where there was a reduction in the activity of biosynthetic
enzymes of anthocyanain pathway in the later stages of develop-
ment; however the anthocyanin content remains constant over
time (Dangelmayr et al., 1983). The expression of CURS2 was down-
regulated (0.7 fold) in IISR Prathibha (curcumin content-1.54%)
than Acc. 449 (curcumin content-0.23%) under nutrient limiting
conditions. So to conclude the expression of CURST and CIPKS11
correlated with curcumin content in all the experiments in the
present study, while CURS2 did not. Intrinsic levels of CIPKS11 may
be used as a marker for screening for curcumin. A previous study
(Sheejaetal., 2015) could identify 5488 putative SSRs from C. longa
transcriptome and 69 SNPs associating with curcumin content by
ddRAD sequencing (unpublished). In future, the association of these
markers with the differentially expressed curcumin biosynthetic
genes may aid in screening of the elite turmeric genotypes at juve-
nile stages itself.

3.5. Amplification of full length CIPKS11 cDNA and sequence
analysis

Inverse PCR using double stranded circularized cDNA ampli-
fied an intense ~1.6 kbp fragment. The amplicon was sequenced
and the resulting sequence was aligned and assembled with the
short sequence of CIPKS11 to obtain the full length cDNA. Finally,
an end to end PCR including both start and stop codon of CIPKS11
was amplified from both cDNA (GenBank accession no. KX017475)
and genomic DNA. Sequence analysis indicated that CIPKS11 ORF
is 1176 bp long that corresponded to a deduced protein sequence
of 391 amino acid residues with a predicted molecular mass of
42.9kDa and a pl of 6.11. The ORF region was bordered by 81 bp
5’-untranslated region (UTR) and 262 bp 3’-UTR. A putative poly-
adenylation signal (AATAA) was identified 236 bp downstream
from the stop codon (TAG) in the 3’-UTR. Genomic DNA sequence
of CIPKS11 indicated the presence of an intron of 91bp (Fig. 4).
When the full length ¢cDNA of CIPKS11 was aligned to rhizome
specific transcriptome of C. longa and C. aromatica, six unigenes
showed > 96% identity, suggesting they may be the truncated prod-
ucts or isoforms of CIPKS11.

Mallika et al. (2011) reported that plant type IIl PKSs are
localised in cytoplasmic matrix exclusive of transmembrane pep-
tide. CIPKS11 was also found to be localized in cytoplasmic matrix
exclusive of any signal peptide. The deduced amino acid sequence
of CIPKS11 shared 80% identity with CURS2 like polypeptide of Musa
accuminata, 72% identity with CURS3, 70% identity with CURS1, 69%
identity with CURS2 and 61% identity with DCS of C. longa. Thus
the comparative sequence analysis suggested that the CIPKS11 is a
novel type III PKS.

Multiple sequence alignment of CIPKS11 with other PKSs
revealed that the catalytic triad residues (Cys164, His303 and
Asn336), identical six residue loops (Thr132-Met137), cis-peptide
bond between Met137 and Pro138 and gatekeepers (Phe125 and
Phe265) to block the lower portion of the opening between the
CoA-binding tunnel and the active-site cavity were conserved in the
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Fig. 3. Relative expression patterns of PKS genes in (a) leaves and (b) rhizomes of IISR Prathibha at three developmental stages (c) [ISR Prathibha compared with Acc. 449

from three environmental conditions, (d) IISR Prathibha from three environmental conditions (e) different management practices and (f) shade net experiments.
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Table 4
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Pearson correlation coefficient of PKS genes with curcumin content in IISR Prathibha planted in three environmental conditions, different shade net and management practices.

Pearson correlation coefficient

Environmental conditions Management practices

Shade net experiment

DCS -0.436 0.829 0.979
CURS1 0.791 0.995 0.986
CURS2 0.819 0.990 0.968
CURS3 —0.355 0.996 0.766
CIPKS11 0.997 0.913 0.964

CAACTACGTCGATG CATTCCCCAAGCCCCAAAG GGCT CAAGGCCCAGCCCGTCATGG CTCG GCAC
CGCCAACCCTCCCAACCTCTACGAACAGAGCGCTTACCCAGACTTCTATTTCCGGGTCACCGGTGCCGAC
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(gattcttaatttgtigttacgctaatcgtgttgcgtgctatttgtgcaggt GACAGGAGCATGATCAAGAAGCGTTATATGCA
CCTGACGGAGGAGCTGCTGAAGGAGAAACCAGGGATGTGCTCGTACATGGACACTTCCTTCGACGAGC
GGCAGGATGTCGTGGTGGAGGAGGTGCCTCGCCTGGCCAAGGAGGCCGCCGTCAAGGCCATCAAGGA
GTGGGGACGGCCCTTGTCGGAGATCACCCACTTGGTTTTCTGCTCCACCAGCGGCGTCGATATGCCTGG
AGCTGATTACCGCCTCGCCAAACTTCTCGGTCTCTCCTTCTCCGTCAACCGCATCATGCTCTACAACCAGG
CCTGCCACATCGGCGCGCAGACGCTCCGCATCGCCAAGGACATCGCCGAGAATAACCGGAGCGCCCGC
GTCCTCGTCGTCGCCTGCGAGGTCAACACGCTCATCTTCCGCGGTCCCGAAGAGCGCGACTTCCAGAGC
CTCGCGGCCCAGGTCGCGTTCGGCGACGGAGCGGCGGCGCTCGTCGTCGGGGCCGACCCCGTCCAGG
GCGTCGAGAAGCCGATCTTCGAGATCATGGCGGCGTTTCCGTTCACGGTGCCGGAGACCCAGATGGCG
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Fig. 4. Coding, untranslated and intron sequences of CIPKS11. UTR, intron and polyadenylation sequences are depicted in red, blue and yellow boxes respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

Amino acid residue changes in the cyclization pocket, substrate binding pocket and geometry shapers.

Protein name Plant Cyclization pocket Substrate binding pocket Geometry shapers

DCS C. longa AMVGP SETSQ PGGLDGPGGGGGG
CURS1 C. longa IMVGP SETSQ PAGGDGPGNGGGG
CURS2 C. longa IMVGP SETSQ PAGGDGPGNGGGG
CURS3 C. longa IMVGP SETSQ PAGGDGPGNGGGG
CIPKS9 C. longa TMIGP SETTS PGGLDGPGGGGGA
CIPKS10 C. longa IMVGP SETSQ PAGGDGPGNGGGA
CHS Medicago sativa L. TMIGP SETTS PGGLDGPGGGGGA
cus Oryza sativa L. NVLMP SETYS PGGLDRPGSGGGG

CIPKS11 C. longa TMVGP SENIM PAGADGPGNGGGG

CIPKS11 (Fig. 5a). However, amino acid differences were observed
in substrate binding pocket, cyclization pocket, and geometry
shapers surrounding the active site (Table 5). The data shows that
DCS, CURS1, CURS2, CURS3 and CIPKS10 have similar residues lin-
ing the substrate binding pocket and CURS1, CURS2, CURS3 and
CIPKS10 share similar cyclization pocket. DCS is having single
amino acid change in substrate binding pocket compared with iso-
forms of curcumin synthase. Notably, in CIPKS11, residues lining
both substrate binding pocket and cyclization pocket were different
from other type Il PKSs reported from C. longa. The residues Thr132,
Ser133, Thr194, Thr197, Gly256, Phe265 and Ser338 (numbering in
Medicago sativa L. CHS2) are thought to be critical for controlling
the substrate and product specificity of the enzyme reactions (Abe
and Morita, 2010). In CIPKS11, Thr132, Ser133, Gly256 and Phe265
were conserved, however Thr194, Thr197 and Ser338 are specifi-
cally replaced by Asp, Iso and Met respectively in the corresponding
positions of CIPKS11. Mutational studies reported that Thr197 and
Ser338 play a role in the polyketide chain elongation reactions (Jez
et al., 2000; Abe et al., 2006). When Ser338 was replaced by valine,

in a mutant of Rheum palmatum L., benzylacetone synthase exhib-
ited a 2-fold increase in bezalacetone-forming activity (Abe et al.,
2007). GFGPG loop which is highly conserved in plant type IIl PKS
was also found to be replaced by AFGPG (Fig. 5a). However, the first
residue of the loop, glycine was found to be substituted with ala-
nine (A) or serine (S) (Mallika et al., 2011). AFGPG loop was also
found in curcuminoid synthase of Oryza sativa L.

Phylogenetic analysis showed that CIPKS11 is located together
with type III PKS of M. acuminata in a cluster containing non-CHS
enzymes including isoforms of curcumin synthase, diketide syn-
thase, curcumin synthase of O. sativa etc (Fig. 5b). The amino acid
sequence of CIPKS11 was highly conserved in C. longa irrespec-
tive of their variations in curcumin content and in other Curcuma
spp. as in case of curcumin synthases and diketide CoA synthase
(Kita et al., 2016). The secondary structure of CIPKS11 contained
a-helices as the predominant component (Fig. 6). The 3D structure
of CIPKS11 protein model (Fig. 7a) was confirmed using Ramachan-
dran Plot statistics. The CIPKS11 protein model exhibited a good fit
with the reference geometry with 100% of non-glycine and non-
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Fig. 5. Comparison of CIPKS11 with other type Il PKS by (a) Multiple sequence alignment and (b) Phylogenetic analysis.

proline residues suggesting that CIPKS11 protein model represents
avalid stereochemical conformation (Fig. 7b). The cavity volume of
CIPKS11 was predicted to be 17 A, which is similar to that of CURS1
(18A).

3.6. Protein-ligand interaction

Docking results showed that all the substrates docked satis-
factorily to the enzyme active site of CIPKS11 and CURS1 with
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Fig. 6. Secondary structure of CIPKS11.

Table 6
Characteristics of substrates docked with CIPKS11 and CURS1 of C. longa.

MolDock Score Rerank Score Interaction HBond Docking Score
CIPKS11
Feruloyl CoA -193.87 -124.138 —226.305 —7.10026 -160.59
Feruloyl diketideCoA —184.526 -67.2757 —224.661 —5.02847 —169.486
p-coumaroyl diketideCoA -180.714 44.8108 —226.803 —12.4969 —173.882
p-coumaroyl-CoA —165.909 —83.3193 —204.388 —5.20376 —163.547
CURS1
Feruloyl CoA -165.159 -92.7679 -197.665 -15.5736 -177.335
p-coumaroyl diketideCoA -164.474 —45.3444 -211.31 —6.35237 —175.48
Feruloyl diketideCoA —164.365 —68.0237 —194.863 —8.8641 —172.039
p-coumaroyl-CoA —144.494 —38.7768 -193.034 —6.06322 —157.036

good docking scores (Table 6). Molegro Virtual Docker uses an
energy-based scoring function; lower energy scores represent bet-
ter protein-ligand bindings compared with higher energy values
(Thomsen and Christensen, 2006). Among the substrates, feruloyl
CoA exhibited the lowest docking score, suggesting feruloyl CoA can
be starter substrate for CIPKS11 (Fig. 8). This is agreeing with in vitro
studies by Katsuyama et al., 2009a; where curcumin was detected

even from starter substrates (p-coumaroyl CoA/feruloyl CoA) and
diketide CoAs when incubated with purified recombinant CURS and
malonyl CoA as extender. The lowest MolDock scoring function for
all four substrates during the docking procedure for CIPKS11 than
CURST1, suggest a higher affinity of these substrates to CIPKS11 than
CURST.
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Fig. 7. Molecular modelling of C. longa CIPKS11 (a) 3-D structure and (b) Ramachandran plot determined by PROCHECK.

Feruloyl CoA
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CIPKS11

Fig. 8. Docking interaction of feruloyl coA (ball and stick model) with CIPKS11 cav-
ities highlighted in green colour. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

This is the first report establishing a direct correlation between
the expression of important group of polyketide synthase genes
and curcumin content in turmeric at molecular level. A highly
conserved CIPKS11 encoding type III polyketide synthase show-
ing positive correlation with curcumin content has been isolated
from turmeric and found to be novel. Its putative role in curcumin
biosynthesis was confirmed by comparative transcriptome analysis
and expression profiling, revealing higher fold expression corre-
sponding to curcumin content, significant positive correlation with
curcumin content, blastp analysis showing similarity to curcumin
synthases, molecular docking studies with good docking score and
grouping with non-CHS cluster in phylogenetic analysis. The nov-
elty of CIPKS11 was discussed based on blastp analysis showing
maximum homology of 72% with the closest PKS and uniqueness
in substrate binding and cyclization pocket residues. The charac-
terized gene could be used to screen the germplasm for elite high
curcumin varieties and will be a boon to curcumin industry.
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