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Abstract
Chalcone synthase (CHS) catalyzes the first committed step in flavonoids biosynthetic pathway. In this study, six full-length cDNAs (NnCHS) encoding CHS from 
Nelumbo nucifera were successfully isolated, using rapid amplification cDNA end (RACE) assay. The obtained cDNAs were 1426 bp in size, containing a 1167 bp 
open reading frame coding 389 amino acids. Exons-intron architecture of NnCHS gene was illustrated, consisting two exons inserted by a 426 bp intron. The putative 
NnCHS possessed all the conserved active sites for CHS function as well as the family signature. Phylogenetic analysis revealed that NnCHS shared high homology 
with CHS from high plants, and the homology-based structural modeling showed that NnCHS had the typical structure of CHS. Moreover, Real-time PCR assays 
demonstrated that NnCHS mRNAs were expressed in various tissues of N. nucifera, with the highest expression in red flower and lowest level in the leaves. Moreo-
ver, patterns of NnCHS expression illustrated short-time wounding or low temperature significantly induced the up-regulation of NnCHS mRNA.
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Introduction

The flower color mainly determined by betalains, 
carotenoids and flavonoids is the major characteristics 
of ornamental plants (1, 2). Unlike betalains and carote-
noids, flavonoids are often present in the plant tissues 
to create co-pigmentation phenomenon, and their com-
bination results in the color variety (3, 4). Flavonoids 
are commonly considered as one of the most impor-
tant secondary metabolites, including chalcones, fla-
vones, flavonols and anthocyanins. Flavonoids have a 
wide variety of biological roles such as UV protection, 
resistances against pathogens, auxin transport, signal 
molecular in plants and microbes interaction, and most 
importantly, they play a imperative role in flower attrac-
ting pollinators and dispersing the fruits and seeds (5-8). 

Flavonoids biosynthesis has been reported in flowers, 
fruits and kernels for many years, because of their roles 
in biology and agriculture. Briefly, the biosynthesis of 
flavonoids starts from the condensation of one mole-
cules of malonyl-CoA, resulting in naringenin chal-
cone which is catalyzed by chalcone synthase (CHS). 
As the best studied plants –specific type III polyketide 
synthase, CHS performs the first committed step of the 
branch of the phenylpropanoid  leading to the synthesis 
of flavonoids (9, 10).  Considering its essential role in 
flavonoids biosynthesis, CHS genes have been cloned 
and researched in hundreds of plant species including 
Oryza sativa, Medicago sativa and Zea mays. Analysis 
of amino acid sequence illustrates that CHS superfamily 
shares high similarity. CHS mRNAs are expressed in 
various tissues of plants (11), and induced by exposure 
to UV light, wounding, low temperature and pathogen 
invasion (12). CHS protein usually roles as a homodimer 

(monomer size about 43 kDa), containing the conserved 
Cys-His -Asn catalytic triad in the buried active sites 
(13). Moreover, the crystal structure and functional stu-
dies of alfalfa CHS2 have confirmed that the conserved 
Cys and His residues play a significant role in the cata-
lytic function of CHS, and site-directed mutants of these 
residues have been investigated to elucidate the reaction 
mechanism of CHS (14, 15).

Lotus (Nelumbo nucifera L.) belongs to Nelumbo-
naceae, Nymphaeales, and is a perennial aquatic plant. 
As one of the oldest dicotyledonous plants,  N.nucifera 
also obtains several monocotyledon characteristics (16), 
which is native to tropic and temperate regions of Asia 
(17). According to history record, N. nucifera has been 
cultivated as ornamental plant and vegetable since the 
Chow Dynasty in China (18). Moreover, almost the 
whole tissues of N. nucifera can be used in Chinese tra-
ditional medicine, such as the seed, root, leaves, flower 
and embryos. Notably, its seeds can survive for thou-
sands of years, and considered as the oldest viable seeds 
in the world (19). Up to date, the isolation and charac-
terization of new CHS cDNAs from higher plants is 
on-going. However, as one of the important ornamental 
plant, CHS cDNAs of N. nucifera (NnCHS) have not 
been reported.

In this study, the cDNAs and gene sequences of 
NnCHS were isolated, including one intron and two 
exons. The intron of NnCHS started with the nucleo-
tides ‘GT’, ending with the nucleotides ‘AG’, following 
the GT-AG rule. Additionally, the putative sequences 
of NnCHS proteins were characterized by comparing 
with other known CHSs, and performed phylogenetic 
analysis. The 3D structure and active sites of NnCHS 
were illustrated by homology model. Finally, Real-time 
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PCR was conducted to indicate the expression profile of 
NnCHS mRNAs in various tissues, and when response 
to short-time wounding or low temperature treatment.

Materials and Methods

Plant material
N. nucifera “Taikonglian-36”, which kept in Wuhan 

University, China, was used as material. All the mate-
rials were prepared and put into liquid nitrogen imme-
diately.

Clone the cDNAs and gene sequences of NnCHS 
The RNA was extracted from young flower, and 

reverse transcription was performed according to the 
method described (20).  Briefly, based on analysis the 
conservative amino acid sequences, the degenerate pri-
mers pairs (NnCHS DF and NnCHS DR) were designed 
to amplify partial cDNA (Table.1). The settings for the 
PCR included an initial denaturing at 94°C for 5 min, 
followed by 35 cycles of amplification (94°C for 30 s; 
50°C for 30 s; and 72°C for 1.2 min) and a finally exten-
sion at 72°C for 10 min. The fragment was ligated into 
pGEM-T vector (Promega) and the product of ligation 
was transformed into competent E. coli DH5α, then the 
fragment was sequenced. Full-length cDNA sequences 
of NnCHS were obtained by the procedures of rapid 
amplification cDNA ends (RACE) method, using 
BD SMARTTM RACE cDNA Amplification Kit (BD 
Biosciences Clontech). For the 3’-RACE, the primer 
pairs for nest PCR consisted of NnCHS 3GSP1 with 
UPM for the first-run PCR, and NnCHS 3GSP2 with 
NUP for the second-run PCR. Finally, The degenerate 
prime NnCHS 5F1 for 5’RACE was designed accor-
ding the N-terminal conserved amino acids (MVTVE) 
compared with other species. The RT-PCR was perfor-
med using the NnCHS 5F1 and NnCHS 5R1 for the 
5’-RACE (Table.1). The complete cDNA sequences of 
NnCHS were cloned and sequenced. Once the complete 
cDNAs sequences were determined, NnCHS gene was 
amplified and sequenced to examine the presence of in-
tron by following primer pairs (NnCHS GF and NnCHS 
GR) in Table 1, using genomic DNA as template.

Similarity and phylogenetic analysis of NnCHS
Sub-cellular location of NnCHS was evaluated by 

Protcomp Version 9.0 software. Multiple sequence 
alignment was created using CLUSTAL W. And the 
subsequent phylogenetic tree based on the amino acid 
sequences was performed by the Parsimony method 
using the MEGA software version 4 (21).

Homology modeling of NnCHS
The RSCB protein data bank (http://www.rcsb.org/

pdb/home/home.do) was used to find the suitable struc-
ture templates for homology model. Alfalfa CHS (PDB 
code. 1BI5 ) was chosen as the template (22). The 3D 
models of NnCHS were constructed by the academic 
version 6.2 of MODELLER (23) with the default para-
meters that proposed loop conformations. The qualities 
of the models were further assessed by PROCHECK 
3.5 (24). The best model was selected, and 3D model of 
NnCHS was shown by Swiss-pdbviewer 4.1.0.

The expression of NnCHS mRNAs in various tissues
Fresh materials such as leaves, terminal bud, root, 

white and red flower were collected when the flower has 
developed for one week. In order to evaluate the expres-
sion of NnCHS mRNAs, 5S rRNA (GenBank accession 
no. EF121364) was chosen as the reference gene. The 
special primers for NnCHS (NnCHS F and NnCHS R), 
and 5S rRNA (5S rRNA F and 5S rRNA R) were desi-
gned with primers analyzing software Primer Premier 
5 (Premier) (Table. 1). Real-time PCR was carried out 
by DNA binding dye SYBR Green I (TOYOBO) for 
detection of PCR products. The amplification program 
consisted of one cycle at 94°C for 30 s, followed 30 
cycles of 94°C for 15 s and 60°C for 20 s. According 
to the method published (25), the relative expression of 
NnCHS was calculated using 5S rRNA as the reference 
gene.  

The expression of NnCHS mRNAs in response to me-
chanical wounding and short-time low temperature

For wounding treatment, the leaves of N. nucifera 
were treated by pressure-stress with a needle puncher. 
The leaves were separately collected at 1.5 hours post 
wounding (hpw), 3 hpw, 4.5 hpw and 6 hpw, using the 
intact leaves as the control. Then the total RNAs of 
materials were isolated and expression of NnCHS was 
demonstrated by Real-time PCR as method described 
above, the primers in Table 1 were designed as our pre-
vious research (20, 25). For short-time low temperature 
treatment, the seeds of N. nucifera were cultured in wa-
ter for 5 days until their plumule protrusion was about 
4 cm. The germinated seedlings were incubated at 4°C, 
-10°C and -20°C respectively, the seedlings were col-
lected after 4 hours treatment. The patterns of NnCHS 
expression were examined by Real-time PCR using the 
seedlings at room temperature as control.

Statistical analysis
Experiments were repeated at least twice to ensure 

reproducibility. Statistical analysis was performed ac-
cording to the report (26).

Results

Sequences and structure analysis of NnCHS
Six NnCHS cDNAs were isolated (GenBank acces-

sion no. FJ999627, FJ999628, FJ999629, FJ999630, 
FJ999631 and FJ999632), with only several different 
nucleotides. While the protein sequence was almost the 
same (data not shown). So the cDNA (GenBank acces-

Primer name Sequence (5’-3’)
NnCHS DF CCKTCHYTGGAYGCNMGRCARGAC
NnCHS DR GGBCCRAANCCRAANARMACACC

NnCHS 3GSP1 GCATCTCCGACTGGAACTCA
NnCHS 3GSP2 TGTGTGCTGTTCATATTGGAT

NnCHS 5F1 GCATGGTNACCGTNGA
NnCHS 5R1 CCACTGGTGGTGCAGAAGAC
NnCHS GF ATGGTGACCGTGGAAGACAT
NnCHS GR TGGCAGCGATACTGTGAAGC
NnCHS F CCGTGTCCTTGTCGTCT
NnCHS R AATAACTGCGGCTGCTC
5S rRNA F GGATGCGATCATACCAGCAC
5S rRNA R GGGAATGCAACACGAGGACT

Table 1. Names and sequences of primers used in the present study.
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intron between 175ATGT178 and 179GCGA182 (Fig. 2a). 
The intron of NnCHS gene started with the nucleotides 
‘GT’ and ended with the nucleotides ‘AG’, following 
the GT-AG rule (Fig. 2b). 

Similarity and phylogenetic analysis of NnCHS pro-
tein

The multiple alignment of NnCHS was performed 
by selecting CHS sequences of representative species 
from high plants including Juglans nigra, Gossypium 
arboretum, Abelmoschus esculentus, Theobroma cacao, 
Hibiscus cannabinus, Malus domestica, Pyrus commu-
nis, Prunus avium, Vaccinium ashei, Clitoria ternatea, 
Mangifera indica, Camellia nitidissima and Camellia 
sinensis. Compared with other CHSs, the three impera-
tive catalytic (Cys-His -Asn) and two Phe residues were 
highly conserved in CHS superfamily, which were in-
volved in formation of the active sites as well as for the 
substrate specificity of CHS (Fig. 3). Additionally, the 

sion no. FJ999627) was investigated in this study.  The  
cDNA of NnCHS containing 1426 bp had been isolated 
in young flower by RACE, which consisted the open 
reading frame of 1167 bp, start code ATG, stop code 
TAG, 259 bp 3′ untranslated region and poly(A) tails 
(Fig. 1). The degenerate prime NnCHS 5F1 for 5’RACE 
was designed according the N-terminal conserved amino 
acids (MVTVE). So NnCHS cDNAs contained the com-
plete opening reading frame of NnCHS and 3'UTR, and 
it could not be concluded if there were 5' UTR upstream 
of the ATG. The putative NnCHS protein encoded 389 
amino acid residues with putative molecular weight of 
42.55 KD and isoelectric point 6.10. Protcomp Version 
9.0 software indicated NnCHS protein sub-cellular 
located in cytoplasm. Consistent with previous results 
with other CHS, the NnCHS also contained three impe-
rative catalytic residues (Cys164, His303 and Asn336), and 
two highly conserved Phe residues (Phe215 and Phe265), 
which were found to be important for the formation of 
the active sites as well as for the substrate specificity of 
CHS (Fig. 1). Additionally, the malonyl-CoA binding 
motif  (313VEEKLALKPEKLSPTRH329) and highly 
conserved CHS signature sequence (372GFGPG376) were 
also found in the NnCHS protein (Fig.1). 

CHS genes in other species usually contained one 
or two intron. The NnCHS cDNA was compared with 
the known gene sequences from Physcomitrella patens 
CHS (PpCHS11, ABU87504), Antirrhinum majus CHS 
(AmCHS, X03710) and Freesia hybrida CHS (FhCHS, 
JF732898), indicating there was only one intron in 
NnCHS gene. We designed the primes according the 
sequences around splicing site and cloned the intron 
sequence of NnCHS gene, using genomic DNA as tem-
plate. NnCHS gene (GenBank, accession no. FJ999634) 
was cloned, consisting two exons inserted by a 426 bp 

Figure 1. Nucleotide and deduced amino acid sequence of NnCHS. 
Six NnCHS cDNAs had been deposited in GenBank (GenBank ac-
cession no. FJ999627, FJ999628, FJ999629, FJ999630, FJ999631 
and FJ999632), with only several different nucleotides. While the 
protein sequence was almost the same (data not shown). The cDNA 
(GenBank accession no. FJ999627) was investigated in this study. 
The malonyl-CoA binding motif (313VEEKLALKPEKLSPTRH329) 
and highly conserved CHS signature sequence (372GFGPG376) were 
underlined. Three conserved catalytic residues (Cys164, His303, and 
Asn336) were boxed. Two important residues (Phe215 and Phe265) de-
termining the substrate specificity of CHS were circled. The initia-
tion codon (ATG) was underlined, the asterisk (*) indicated the stop 
codon.

Figure 2. Common characters of NnCHS gene (GenBank, accession 
no. FJ999634).  a, Exons-intron architecture of NnCHS gene, exons, 
intron, initiation codon (ATG) and terminator codon (TAG) were 
labeled. b, Nucleotide sequences surrounding splice sites in NnCHS,  
Freesia hybrida CHS (FhCHS, JF732898), Antirrhinum majus CHS 
(AmCHS, X03710) and Physcomitrella patens CHS (PpCHS11, 
ABU87504). Amino acid residues and codons (underlined) split by 
introns were shown.

Figure 3. ClustalW multiple sequence alignment of the deduced 
amino acid sequence of NnCHS in present study with CHS from 
high plants. The malonyl-CoA binding motif and highly conserved 
CHS signature sequence were underlined. Three conserved cataly-
tic residues (Cys, His and Asn) were labeled as (▲). Two highly 
conserved Phe residues were marketed with  (▼). 
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malonyl-CoA binding motif and highly conserved CHS 
signature sequence were also found in CHS superfamily 
(Fig. 3). Moreover, the phylogenetic analysis indicated 
NnCHS grouped together with high plants and provided 
evidence that CHS had been derived from a common 
ancestor (Fig. 4).

The homology model of NnCHS
Considering the high homology of NnCHS, the 

putative three-dimensional structure of NnCHS was 
constructed by the homology model using the known 
crystal structure of Alfalfa CHS (PDB code. 1BI5 ) in 
order to understand the structure-function relationship 
of NnCHS (Fig. 5). The NnCHS protein and template 
protein shared a high degree of homology (86.6 %), 
suggesting a high reliability of predicted structure. The 
3D structure of NnCHS was generated by MODELLER 
software. The Ramachandran plot (data not shown) pro-
vided by PROCHECK demonstrated that most of model 
residues were in most favorable regions, and none of 
residues in generously allowed regions and disallowed 
regions. 

Data analysis of Real-time PCR
All the products of Real-time PCR were from 75 

bp through 200 bp in size, which were exactly suitable 

to improve the efficiency of PCR. The data indicated 
the R2 values of 5S rRNA (0.997) and NnCHS (0.999) 
were close to 1. Moreover, the amplification efficiency 
for NnCHS (0.96) was approximately equal to that of 
5S rRNA (1.00) used as reference genes. So the 2-△△Ct

 
methods could be used to calculate the relative quantity. 
NnCHS mRNAs were detected in various tissues of N. 
nucifera including leaves, terminal bud, root, white and 
red flower when the flower had developed for one week. 
The highest expression of NnCHS mRNA was found in 
the flower, while red flower kept more NnCHS mRNA 
level than white one (2 fold increase). The mRNA level 
of root was at moderate level. However, the lowest ex-
pression was detected in leaves compared to all other 
selected tissues (Fig. 6a).  Additionally, Real-time PCR 
analysis indicated that short-time mechanical wounding 
significantly elevated the expression of NnCHS mRNA 
as soon as 1.5 hpw (Fig. 6b), using the intact leaves as 

Figure 4. Phylogenetic analysis of NnCHS was performed by 
neighbour-joining method using MEGA4 software. Numbers in the 
branches represented the bootstrap values (%) from 100 replicates.

Figure 5. Functional unit of NnCHS. The homo-dimer with one of 
the monomer highlighting secondary structure components: α-helix, 
β-strand and loop were shown by different colors. The N-terminus, 
C-terminus and active site entrance were also labeled.

Figure 6. Real-time PCR analysis for the expression patterns of 
NnCHS mRNAs in various tissues and during short-time mechanical 
wounding or cold temperature. a, Relative amounts of NnCHS mR-
NAs in various tissues. Total RNAs were isolated from root, leaves, 
terminal bud, white and red flower, the levels of NnCHS mRNAs 
were examined by Real-time PCR using 5S rRNA as the reference 
gene. NnCHS mRNAs were expressed in various tissues of N. nuci-
fera, with the highest expression in flower and lowest level in the 
leaves. b, The expression of NnCHS mRNA was up-regulated in 
response to short-time mechanical wounding. Real-time PCR ana-
lysis indicated that short-time mechanical wounding significantly 
elevated the expression of NnCHS mRNA as soon as 1.5 hours post 
wounding (hpw), using the intact leaves as control. And mRNA level 
of NnCHS was relatively stable after 1.5 hpw. c, Short-time low tem-
perature significantly augmented the expression of NnCHS mRNA. 
NnCHS mRNA reached the highest level during 4°C treatment, 
while the level was relatively decreased when the seeds were treated 
by  -10°C and -20°C, which was still more than the level of NnCHS 
mRNA in room temperature. Different letters represented significant 
difference at p<0.05. 
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control. NnCHS mRNA was relatively stable after 1.5 
hpw. Short-time low temperature also significantly aug-
mented the expression of NnCHS mRNA of germinated 
seedlings (Fig. 6c). NnCHS mRNA reached the highest 
level during 4°C treatment, while the level was relati-
vely decreased when the seeds were treated by  -10°C 
and -20°C, which was still more than the expression of 
NnCHS mRNA in room temperature.

Discussion

The cDNAs sequences of NnCHS with the complete 
open reading frame and 3’UTR were isolated and cha-
racterized, possessing all the main characteristic amino 
acid residues, binding motif and conserved CHS signa-
ture sequence (Fig. 1). It was indicated most CHS genes 
of plants contained a single intron splitting the conser-
ved Cys in the consensus sequence of (K/Q) R(M/I)
C(D/E)KS (27), while few CHS had two introns (28, 
29). Additionally, CHS genes containing two introns 
also had the first intron at the conserved Cys, and the 
second intron was situated within the codons for conser-
ved amino acid residues such as Gly in AmCHS and 
Arg in PpCHS11 (28, 29). In this study, one intron was 
found in NnCHS gene following GT-AG rule (Fig. 2). 
The intron was inserted in the first Cys codon as other 
CHS genes reported (27). The conserved amino acids 
for the active sites and the substrate specificity of CHS 
were found in all CHSs of high plants, and the malonyl-
CoA binding motif and CHS signature sequence were 
also highly conserved (Fig. 3). 

The phylogenetic analysis indicated NnCHS grou-
ped together with plants CHS and provided evidence 
that all CHS had been derived from a common ances-
tor (Fig. 4). NnCHS showed high homology (86.6 %) 
with Alfalfa CHS. Our structural model comparison 
results showed that the active sites of NnCHS were 
conserved and matched with Alfalfa CHS (22), sug-
gesting their functional similarity. As shown in figure 
5, the 3D structural model of NnCHS usually formed 
the homodimer as the biological functional unit, with 
the each monomer of NnCHS consisted of roughly two 
domains with one active site located at the clef between 
the two domains and the dimerization interface, there-
fore sharing the accessible substrate binding area with 
the dimer partner. Protein structure modeling revealed 
that NnCHS monomer consisted of two structural do-
mains. In the upper domain, an N-terminal α-helix and a 
protruding tight loop important for protein dimerisation 
were observed. Most residues that made up the dimmer 
interface were located within the upper domain, produ-
cing relatively flat surface in the NnCHS monomer. In 
the lower domain, a large substrate binding site required 
for chalcone formation was connected to CoA-binding 
tunnel and the active site was buried in the cleft formed 
between two domains. 

To understand the spatial regulation of NnCHS mR-
NAs, tissue expression of NnCHS mRNAs were inves-
tigated by real-time PCR in root, terminal bud, young 
leaves and flower of N.nucifera. Different expression of 
NnCHS mRNAs was detected in various tissue types, 
with the highest expression in flower and lowest level 
in leaves (Fig. 6a). Real-time PCR illustrated relati-
vely low expression of NnCHS mRNAs was observed 

in non-pigmented tissues including leaves and terminal 
bud. This indicated NnCHS was not flower specific. 
This result was also consistent with the finding of Li 
et al. (2010) who reported that most of flavonoids bio-
synthesis genes including CHS were highly expressed 
in the lower parts of the plants, especially root (30). In 
particular, flavonoids production was associated with 
plant-microbe interactions. Several reports illustra-
ted flavonoids expressed in the root conducted as key 
signaling molecules for some symbiotic and pathoge-
nic plant-microbe interactions (31). The high mRNA 
level of NnCHS in root was probably involved in the 
high demand of flavonoids biosynthesis for the aim of 
defense against microbial invasion. Moreover, red pig-
mented flower showed higher level of NnCHS mRNA 
than white pigmented flower, it suggested that the level 
of NnCHS mRNA might be responsible for the pigment 
of flower in N. nucifera. 

In general, plants will secret a number of genes 
in response to biotic or abiotic stresses. Among these 
genes, CHS is commonly induced under different forms 
of stress like UV, wounding, and microbial invasion 
(12). Corresponding to this finding, the expression of 
NnCHS  mRNA was stimulated in response to short-
time mechanical wounding as soon as 1.5 hpw (Fig. 6b), 
Additionally, 4°C treatment significantly augmented the 
expression of NnCHS mRNA in germinated seedlings 
of N. nucifera, while the mRNAs levels were relatively 
decreased in response to -10°C or -20°C treatment  (Fig. 
6c). All of this results suggested NnCHS might play a 
defensive role in the initial stages of defense response 
and might be transcriptionally regulated. In future ex-
periment, we will currently try to develop transgenic 
plants in order to understand the mechanism of NnCHS 
in regulation the color of the flower.
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