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Abstract Triterpenoid saponins are the class of secondary me-
tabolites, synthesized via isoprenoid pathway. Oxidosqualene
cyclases (OSCs) catalyzes the cyclization of 2, 3-oxidosqualene
to various triterpene skeletons, the first committed step in
triterpenoid biosynthesis. A full-length oxidosqualene cyclase
cDNA from Bacopa monniera (BmOSC) was isolated and char-
acterized. The open reading frame (ORF) of BmOSC consists of
2,292 bp, encoding 764 amino acid residues with an apparent
molecular mass of 87.62 kDa and theoretical pl 6.21. It contained
four QxxxxxW motifs, one Asp-Cys-Thr-Ala-Glu (DCTAE)
motif which is highly conserved among the triterpene synthases
and another MWCYCR motif involved in the formation of
triterpenoid skeletons. The deduced amino acid sequence of
BmOSC shares 80.5 % & 71.8 % identity and 89.7 % &
83.5 % similarity with Olea europaea mixed amyrin synthase
and Panax notoginseng dammarenediol synthase respectively.
Phylogenetic analysis revealed that BmOSC is closely related
with other plant OSCs. Quantitative real-time PCR (qQRT-PCR)
data showed that BmOSC is expressed in all tissues examined
with higher expression in stem and leaves as compared to roots
and floral parts.
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Abbreviations

AMV-RT Avian myeloblastosis virus-reverse
transcriptase

0OSC Oxidosqualene cyclase

PCR Polymerase chain reaction
RACE Rapid amplification of cDNA ends
Introduction

Various plant species have been used traditionally as a brain
tonic in Indian ayurvedic medicine. Bacopa monniera, also
known as Bacopa monnieri is one of the most popular small
medicinal herb growing in marshy areas throughout the
Indian subcontinent (Tiwari et al. 2006). It contains alkaloids
(brahmine and herpestin), glycoside (asiaticoside), flavo-
noids (apigenin and luteolin) and saponins such as baco-
sides, considered to be the major active constituent of the
plant (Mathew et al. 2010). Bacopa extract is mainly used for
the treatment of anxiety and improvement of intelligence and
memory (Singh and Dhawan 1997). In addition, it also pos-
sesses anti-inflammatory, antipyretic, analgesic, sedative, free
radical scavenging and anti-lipid peroxidative activities
(Anbarasi et al. 2005; Kishore and Singh 2005). The main
active chemical constituent of this plant are triterpenoid sapo-
nins (Garai et al. 1996) and the pharmacological properties are
mainly attributed to the triterpenoid saponin compounds pres-
ent in the plant extract (Sivaramakrishna et al. 2005).
Different type of triterpenes and plant sterols are synthesized
via isoprenoid pathway by oxidosqualene cyclases (Abe et al.
1993). Till date, OSCs cDNA involved in sterol and triterpenes
biosynthesis have been cloned and characterized from various
organisms including fungi, yeasts, rat, human and plants. For
example, [3-amyrin synthase and cycloartenol synthase from P,
ginseng (Kushiro et al. 1998), five OSCs from Kalanchoe
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daigremontiana (Wang et al. 2010), dammaranediol synthase
from Centella asiatica (Kim et al. 2009), (3-amyrin synthase
from Aster sedifolius and Arabidopsis thaliana (Shibuya et al.
2009) and OSC from Aster tataricus and tomato (Wang et al.
2011; Sawai et al. 2011), have been cloned and functionally
characterized in mutant yeast strain GIL77, having lanosterol
synthase deficiency. The catalytic functions of several plants
OSCs have been studied using the S. cerevisiae yeast mutants
and Pichia pastoris strains (Kajikawa et al. 2005; Ito et al.
2011; Xue et al. 2012; Sun et al. 2013). Confalonieri et al.
(2009) over-expressed the Aster sodifolius 3-amyrin synthase
(AsOXAI) in Medicago truncatula and observed significantly
higher amount of some triterpenes accumulation in leaf and
roots. Transgenic lines of soybean with RNAi construct of f3-
amyrin synthase cDNA fragment with seed specific promoter,
exhibited stable reduction in seed saponin content, correlating
with (3-amyrin synthase mRNA reduction (Takagi et al. 2011).
This suggests that OSCs may play an important role in en-
hancement of triterpenes and saponin production.
Triterpenoid saponins from B. monniera (bacosides) have
immense medicinal importance but yield of such compounds
from the plant is very low. Therefore, development of trans-
genic lines with improved bacosides content by alteration of
biosynthetic pathway may offer the solution. This is the first
report on cloning and characterization of an oxidosqualene
cyclase gene from B. monniera, the first committed step for
biosynthesis of triterpenod saponins (Wang et al. 2010).

Materials and methods
Plant material, RNA isolation and cDNA synthesis

B. monniera (L.), maintained in a green house at National
Chemical Laboratory (NCL) premises under standard condi-
tions were used for RNA isolation. Total RNA was isolated
from B. monniera leaves by Trizol method (Sigma, USA) as
per manual instruction and 1.0 pg of total RNA was reverse-
transcribed by AMV-RT (Promega, USA) with oligo (dT);s
primer. The reaction was carried out at 42 °C for 90 min and
final denaturation step at 70 °C for 10 min.

Oxidosqualene cyclase gene isolation

Sequences for OSC available at NCBI GenBank database
were aligned with Clustal W program. Primers were designed
from conserved regions (Supplementary Fig. S1) and PCR
was done using cDNA as template for partial BmOSC gene
amplification. The PCR was carried out in a thermal cycler
(BIO-RAD, USA) under the following conditions: 1 cycle of
94 °C (5 min), 35 cycles of 94 °C (30 s), 55 °C (30 s) and
68 °C (1 min 45 s), and final extension at 68 °C (7 min). The
PCR product amplified with primers OSC F3 5-TTCCTA
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TGCACCCAGC(T/A)AAAATGTGG-3" and OSC R4 5'-
ATCACCATCTTCCATCTGAGA(G/A)TTGAT-3" was ana-
lyzed on 1 % agarose gel and cloned in T/A cloning vector
pGEM-T easy (Promega, USA). The ligated product was
transformed into E. coli (XL10 Gold, Stratagene, USA) com-
petent cells and plated on LB agar plates containing ampicillin
(100 pg/mL). Plasmids were isolated from selected clones and
subjected to sequencing with T7 and SP6 promoter primers
from both the ends of the insert.

The RACE PCR protocol was implemented to isolate full-
length gene. Two forward and two reverse gene specific
primers were designed from the partial BmOSC sequence are
as follows: RaceOSC F 5-CACTCAAAATGAGGAAGGT
GGATGG-3', RaceOSC Nested F 5'-ATC GCACCAATCTT
GTGCAGACTG-3' for 3' RACE and RaceOSC R 5'-AGG
CTTGAC ATAAATTTCTTGCCTGA-3’, RaceOSC Nested R
5'- GGTCCATGGTATCTCTTTCCA TAGA-3' for 5' RACE.
GeneRacer Kit (/nvitrogen, USA) was used for RACE PCR
and 3’ RACE and 5'RACE ready cDNA was prepared from
total RNA as per manual instructions. Primary PCR for 3’
RACE and 5'RACE was done using primers RaceOSC
F/GeneRacer 3’ primer (provided with the kit) and RaceOSC
R/GeneRacer 5" primer (provided with the kit) respectively.
The 3’ and 5" RACE nested PCR products were cloned in
pGEM-T easy vector and sequenced. Based on 3’ and 5’
RACE sequence data, the primers from start and stop codon,
OSC full F (5'-ATGTGGAGGCTAAAGATTGC-3") and OSC
full R (5'- CTATTTCATCAATTTGTTTACGAGTATC-3') were
designed to amplify open reading frame (ORF) of the gene as a
single PCR product under the conditions: 94 °C (5 min), 35-
cycles of 94 °C (30 s), 55 °C (30 s), 68 °C (2 min 30 s) and final
extension of 68 °C for 10 min. A single PCR product (2,295 bp)
was cloned in T/A cloning vector pPGEM-T easy and sequenced.

Bioinformatics and phylogenetic tree analysis

The partial and full-length BmOSC sequences were analyzed
using online bioinformatics tools (http://www.ncbi.nlm.nih.
gov). The deduction of the amino acid sequences, calculation
of theoretical molecular mass and pl, was performed with
ExPASy Proteomic tools provided at http://www.expasy.
ch/tools/. Conserved domains in BmOSC were detected using
Conserved Domain Database search tool (CDD) on NCBI
server (http://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi).
Multiple alignments of the amino acid sequences were carried
out with the Clustal W1.8 program (http://www.ebi.ac.uk/
clustalw/). Global alignment of two amino acid sequences
and percentages of identity was calculated using EMBOSS-
Needle Pairwise Sequence Alignment (http://www.ebi.ac.uk/
Tools/psa/). Phylogenetic tree was obtained using MEGA
4.0.2 program by Neighbor-Joining method (Tamura et al.
2007) and reliability of nodes has been tested with 500 boot-
strap replicates.
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ACATGGGGAAAGCAACTCACCATATTCATAGCTATAGATTTCTATGTACCATTTCTGTCT 1621

GAGATTTCCATGCGATGCACCGCCACTTTACTAAAGGTGCGTGGACTTTCTCAGATCAAG

61 TTCAACTATAAATATATTCTTGTCCATTAGTATATATAACCTTTTCGGAGAGAAGTTAAG F T K G A W T F S D Q D
121 CGTCTTCAGCCATCAGAATCTGCACGCATGATCCTTCGTCTAAGTTGATTCTTTTCAGGG 1681 ATCAGGGTTGGGCTGTCTCTGACTGCACAGCTGARGGGCTARAGTGTCTACTTTTAATGT
181 AAAGGTGTTTGGAACATAATTACGGGCCTTTCCTCATTTAACTATTTATTATAATATATT Q G W A V S 6 L kK ¢ L L L M 'S
D41 ACGAAAGGAAAGGAAGGATAATGTGOAGGCTANAGAT TCCGGARGGGCAGGEACCATATT 1741 CACAAATGCCAAATGAAGCCAGAGGAGAARATGTTGAAGTTGAGCCTTTTTATGATGCCA
M ¥ R L KT 2 EGaoecepPyr QM PNEARGENV VTETVTETRTFVYDATI
301 TGTATAGTACCAACAATTTCGTAGGTAGGCANACATGGGAATATGATCCGAATCGAGGAA 1801 TAAATGTGCTCCTTTATCTACAGAATCAAGAGAGTCCCGGATTTGCTCTTTCCCAGCCAR
Y S T NNTFVGZROQTTWETYTDTPDNTGTG G T NvLLYLOQNO OQESG®GTFAVWEPM
361 CTGCAGAAGAGCGCGAAGCATTTGAGAAAGCTCGCCAGGAAT T TAATGAAAACCGGAAGA 1861 TGAGTTCACAACCCTATTTACAGGCTTTGAACCCCTCGGAACTTTTTGCGGACATAGTCG
A EERTEA ATFTET KA ARG QETFNTENR K K s s QP YL QATLNPSELTFADTIUWVY
421 AGGGAGTTOACTGOTGTGCCGATTTGTTCATGAGACTACAGCTGAAGA AAGARAGTGGAA 1921 TCGAGCAAGAGCATGTGGAATGCACTGCTTCTGTAATTCAAGCTCTTGTATTGTTCARGC
G VHCCADTELTFMRTILGOTLTEKTEKTES G I EQEHVECTHASVIOQALVILFKH
481 TTGATCTATTACAAATTCOACCAGTTAGAGTAGGCGAAAAAGAAGAAATAACGTACGARR 1981 ATCTGCACCCAAGCCACCGAGAGAAAGAAATAGAAATCTCCGTGECGARGECAGTGCGCT
b L L OG:IoP?P» PV R VGETKTETETTGYGET L HP S HRETZ KTETITETISVATZ KA ATVTRF
£41 COGCGACGOTTGOTGTCACAAAGGCCTTACGTCTGAATAGGGCAGTCCARGOARGCGATG 2041 TCCTTGAAAAAAAGCAGTGGCCTGATCECTCATCETACCEATATTGGGGAATTTGCTTTG
ATV AVTEXKATLTZ RTELTNT ERATVSGQAS D G L E KK QW PDG S WYGYWGICTFWV
601 GOOACTGGTCTGOTGAARATTTGTT T TCACTCCTCOTCTTATCATTGT I TTGTATATAS 2101 TGTACGGCACATTTTGGETGCTGAGAGGATTAGCTTCTGCAGGGAAGACCTATGARAATA
H W s ageENTLGE®EF T PPLIIOVIL Y1 8 Y T FWVUILRGTLA AS A GTE KTTYTENS
661 GTGGAACAATCAACACAGTTTTGACCGCAGAGCACARARAGGAGCTAATCCGCTTCATCT 2161 GTGARACAATTCAARAGGGTGTTGGTTTTTTATTGTCCACTCAAAATGAGGAAGGTGGAT
G T INTUVLTA ATETHT KT KTETLTIT RTFTI Y ETTIQEKGV GFTLULS5TQUNEETZGSGW
721 ACAATCACCAGAATGAAGATGGAGGGTGGGGATTATATATAGAAGGTCGCAGCACAATGA 2221 GGGGGGARAGCCTCAAGTCCTGCCCAAGGACGAARTACACCCCACTCGAAGGAARTCGCA
N H ONGED.U GGWGG LY I EGE RS STHM.TI G ESLEKSGC CPRTTIKTYTTPTLTETGTNTRT
781 TAGGGTCGGOGATGAGTTACCTGGCACTACGCOTCTTACGAGAAGGACCCGACGACGGCa 2281 CCAATCTTGTGCAGACTGCATGGGCAATCCTTGETCTTATGTACGECGGGCAGGCTCAGA
G s AMSYVALT RTILTILTGTETGTPTDTDG N yL voTAWAMLGILMYGGQ AER
841 ACGGTTCGGTTGCGCGGGGCCGCAAATGGATCTTGGATCATGGGGGTGCTACTGGAATTC 2341 GAGACACTACGCCTCTGGATAAAGCAGCCAAATTGTTGATTAATGCACAGATGGAAGATG
G s VARG GR RTE KT WTITLODIHTGT G ATG I P prT®PLDKaAAKTLTLTINAQOQMEDG
901 CATCTTGGGGAAAGCCCTATCTCTCGGTGCTAGGCGCGTATGATTGGGATGGTTGCAACC 2401 GAGATTTTCCTCAACAGGAAATCACGGGAGTGTGGATGAAGARCTGTATGCTGCATTACG
S WG K P VYL SV ULGATYTDUWDGTC CN P b F P OQOQETITGVWMZ KTNTCMLHYA
961 CACTACCCCOTGAACTCTGGOTTTGCCCCTCT T TCTTCOATTTCATCCAGCARAGATGT 2461 CGCAATACAGAAATATTTTCCCGCTATGGGCACTCTCCGAATACCGTAGGCGTGTTTGGC
L PPETLTUWILGC®PSTFTLTPTFTHT PATEKMTUW Q Yy R N I F P L WAULSEYRRRUVWPE
1021 GGTGCTATTGTCGCACGGCATACATGCCTATGTCGTATCTCTATGGAAAGAGATACCATG 2521 CATCACAGATACTCGTAAACAAATTGATGAAATAGARATTTCTCCATTTCTTGTTTCTTT
c Y CRTAYMTPMSTYTLTZYGZ KT RYHG s QI L VN XKL MK >
1081 GACCAATCACAGACCTAGTCTTGTCCCTCAGGCAAGAAATTTATGTCAAGCCTTATGATC 2581 TTTTTTTTTTTTTTTTTAGTAAAAGAATGGGCCCAATTAARRAAATGGGTGCAGATTCCC
P I T DLV LSTLROETLGTYDYVKP Y D o264 GECAATGGGTACGGAAATAATATGCTTCATTTTCTTTTGTTTCCTCCTTGTTATTCGAGA
1141 AGATAAACTGGAATAAGGCGCGTCACGATTGTTGCAAGGAGGATCTATACTATCCTCACA 2701 AACCATTCCTATGATACAGGCTATATACACTCCAAATTACCGGAARAARAARRAARARAR
I N W N KARTUHTDTCTCZEKTETDTL Y Y p H T 2761 hAARAA
1201 CCTTCATACAAGATTTAATGTGGGATGCTCTCAACTACGTGAGTGAACCGGTATTGAGTA
F I QDTLMUWDATLTSNTYJTVSETPVTLSTR A
1261 GGTGGCCCTTCAACAAGATTCGACAAAGGGCTTTGGGAAAGATAATCGAATATATGCGTT \ " xl . W s .
WP FNZ XKTI® RGO RATLTGT KTITITETYMTE R Y i .
1321 ATGGAGCGGACGAGAGCAGATATATCACAAGCGGARATGCTGAAAARAGTTTGCAAATGA WY 8 prmyy
G A DE SR Y I TS GNA AU EI K S L Q M M Bctin site canidy A_A A M Lk & B i B
1381 TGTGTTGGTGGTCACATGACCCARAGGGCGATGAATTCAAGCGTCACCTAGCAAGAGTCC  gurifis hils
C WwWs HDGPZKOGDTETFE KT RTEHETILA AT RV P -~
1441 CTGATTATTTGTGGCTTGCAGAAGATGGCATGAAAGTGCAGAGTTTTGGAAGTCAACTTT  wperfanilies | TS0PREN_C2_like superfanily
D YL WULAETDTGME KT YV QSF G S QL W pylti-donalns
1501 GGGACAGTACTCTAGCTACTCAAGCAATTATTGCAAGCGGCATGGTGGAGGAATATGGAG
DS TLATGQATITIA ASTGMVTYVETETY G D
1561 ATTGCCTTAAGAAAGCCAACTTCTTTATAAAAGAATCACAGATTAAACAAAACCCAAAAG B
c L XK KANTFTFTIZKTEST QTITZ KT QNTZPK G

Fig. 1 a Nucleotide and predicted deduced amino acid sequence of
BmOSC gene from B. monniera. The deduced amino acid showed
below the corresponding nucleotide and the remaining are 5" UTR
(260 bp) and 3" UTR (188 bp) followed by poly (A) tail. Four QxxxxxW

Gene expression analysis (Quantitative Real-time PCR)

Semi-quantitative and quantitative real-time PCR (qQRT-PCR)
were used to assess the distribution and expression of BmOSC
transcripts in different plant parts, including stem, leaf, root,
sepal, petal and pedicel. Total RNA was isolated from different
tissue samples and 1.0 png of total RNA was used for first strand
cDNA synthesis using cDNA synthesis kit (Promega). qRT-
PCR reaction was performed using diluted synthesized cDNAs
and gene specific primers qOSC F (5'- GCATGTGGAATGCA
CTGCTTCTGT-3") and qOSC R (5- TGCCTTCGCCAC
GGAGATTTCTAT-3'). All the reactions were normalized
using 18S rRNA gene amplification as an internal control
(18S F 5- GCACGCGCGCTACACCGAAG -3'; 18S R
5'- GTCTGTACAAAGGGCAGGGACG -3') (Vishwakarma
et al. 2012). MxP3000 instrument (Stratagene, USA) and
Brilliant SYBR Green QPCR master mix (Stratagene) were
used for detection, and the PCR condition was as follows:

motifs are underlined and DCTAE motif is shown inside rectangle.
Conserved sequence “MYCYCR” is shown in blue colour. The putative
polyadenylation site is shown in red colour. b Image of Conserved
Domain Database (CDD) search for BmOSC on NCBI server

94 °C (10 min), 40 cycles of 94 °C (30 s), 55 °C (30 s), and
72 °C (30 s). All reactions were run in triplicate and repeated
twice. The relative expression of gene was analyzed using
comparative Ct method (2°24Y).

Results and discussion

Cloning and characterization of oxidosqualene cyclase gene
of B. monniera

A 1,407 bp long partial fragment was obtained by PCR with
primers OSC F3/R4 from B. monniera leaves. The partial
sequence BLAST query at NCBI showed 73 %—77 % identity
with reported plant OSCs. Gene specific primers were designed
from this fragment and 3’ and 5' RACE PCRs were performed to
obtain full-length BmOSC cDNA (Supplementary Fig. S2). The
3'RACE nested PCR product of approximately 500 bp with
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AED99864 MWKLKVAQGNDPYLYSTNNFVGRQYWEFQPDAGTPEEREEVEKARKDYVNNKKLHGIHPC 60 AED99864 WDCILATQAITATNMVEEYGDSLKKAHFFIKESQIKENPRGDFLKMCROFTKGAWTFSDQ 480
ACZ71036 MWKLKVAQGNDPYLYSTNNFVGRQYWEFQPDAGTPEEREEVEKARKDYVNNKKLHGIHPC 60 ACZ71036 WDCILATQAIIATNMVEEYGDSLKKAHFFIKESQIKENPRGDFLKMCRQFTKGAWTFSDQ 480
AAS01523 MWKLKIAEGNGAYLYSTNNFVGRQIWEYDPDAGTPEERLEVEKLRETYKYNLINNGIHPC 60 AAS01523 WDCVLATQAVMSTGMVDEYGDCLKKAHFYIKESQCKKNPSGDYASMCRYFTKGSWTFSDQ 477
ADM86392 MWRLKIAEGQGPYLYSTNNFVGRQTWEYDPNGGTAEEREAFEKARQEFNENRK-KGVHCC 59 ADM86392 WDSTLATQAIIASGMVEEYGDCLKKANFFIKESQIKQNPKGDFHAMHRHFTKGAWTFSDQ 473
BAF63702 MWKLKIAEGHGPYLYSTNNFAGROTIWEYDPNGGTPEEREAYDKAREEFQRNRKLKGVHPC 60 BAF63702 WDSTLATQAVIATGMVEEYGDCLKKAHFYVKESQIKENPAGDFKSMYRHFTKGAWTFSDQ 477
ok kk ook ok . hkkkkkhkhk khkk Khk..k. K*k *k*x ck k. . * sk kK dk | ckkkkdkg oo kkokkkh kkkk ook chhhkh kokh hk, * ok kkkkokkkkkk
AED99864 SDMLMRRQLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAE 120 AED99864 DHGCVVSDCTAEALKCLLLLSQMPQDIVGEKPEVERLYEAVNVLLYLQSRVSGGFAVWEP 540
ACZ71036 SDMLMRRQLIKESGIDLLSIPPLRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAE 120 ACZ71036 DHGCVVSDCTAEALKCLLLLSQMPQDIVGEKPEVERLYEAVNVLLYLQSRVSGGFAVWEP 540
AAS01523 GDMLMRLOLIKESGLDLLSIPPVRLGEQEEVNYQVVTTAVKKALRLNRATOAHDGHWPAE 120 AAS01523 DQGWVVSDCTAFALKCLLALSQMPEEIAGEKADVERLYDAVNVLLYLQSPISGGFAIWEP 537
ADM86392 ADLFMRLOLKKESGIDLLQIPPVRVGEKEEITYETATVAVTKALRLNRAVOASDGHWSAE 119 ADM86392 DQGWAVSDCTAEGLKCLLLMSQMPNEARGENVEVERFYDAINVLLYLONQESGGFAVWEP 533
BAF63702 GDLFMRIQLIKESGIDLMSIPPVRLGEKEEVTYETATTAVKKALLLNRAVOASDGHWPAE 120 BAF63702 DQGWVVSDCTAEALKCLLLLSQLPTETAGEKADVERLYEAVNVLLYLQSPESGGFAIWEP 537
hoakk kk kkkk.kk. Kkkk.k. Kk.ok.. k. Kk kk kkk kkkk.kk Kkhkkk Khk ¥k khkkkkh kkkkk kkk AL AL FL L EL LA L LA Fhwdd o kkd
AED99864 NAGSLLYTPPLIIALYISGTIDTILTKOHKKELTRFVYNHONEDGGHGSYTEGHSTMIGS 180 AED99864 PVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHRQKEIEDSVAKAIR 600
ACZ71036 NAGSLLYTPPLIIALYTSGTIDTILTKOHKKELTRFVYNHONEDGGHGSYTEGHSTMIGS 180 ACZ71036 PVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHRQKEIEDSVAKAIR 600
AAS01523 NAGPMFFTPPLIIALYISGAIDTHLTIQHKKEMIRFIYLHONKDGGWGFYIEGHSTMIGS 180 AAS01523 PVPRPYLQVLNPSEIFADIVVEKEHTECTASITAALVAFKRLHPGHRSKEISVAIAKAVH 597
ADM86392 N---LFFTPPLIIVLYISGTINTVLTAEHKKELIRFIYNHONEDGGWGLYIEGRSTMIGS 176 ADM86392 MSSQPYLQALNPSELFADIVVEQEHVECTASVIQALVLFKHLHPSHREKEIEISVAKAVR 593
BAF63702 NAGPMFFTPPLIIVLYISGAINTILTSEHRKEMVRYIYNHONDDGGWGFYIEGHSTMIGS 180 BAF63702 PVPQPYLOMLNPSEIFADIVVETEHVECSASIIQALLAFKRLYPGHREKEIEISVAKAIS 597
* Drkkkkkk kkkkkokoik Kk ckokkp ok ik kkk kkkkk kkkkkkkkkk CrRRK L ko ok k ok ek gk sk e Rk ok ke k| kR
AED99864 VLSYVMLRLLGEGLAESDDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCN 240 AED99864 YLERNOMPDGSWYGFWGICFLYGTFFTLSGFASAGRTYDNSEAVRKGVKFFLSTONEEGG 660
ACZ71036 VLSYVMLRLLGEGLAESDDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCN 240 ACZ71036 YLERNQMPDGSWYGFWGICFLYGTFFTLSGFASAGRTYDNSEAVRKGVKFFLSTQNEEGG 660
AAS01523 ALSYVALRLLGEG- - - PDDGDGAVERARKWILDHGGAASIPSWGKTYLAVLGVYEWEGCN 237 AAS01523  FLEGKQLEDGSWYGYWGICFLYGTFFALAGLASVGQTYENSETVRKAVKFFLSTQNEEGG 657
ADM86392 AMSYVALRLLGEG- - - PDDGNGSVARGRKWI LDHGGATGI PSWGKPYLSVLGAYDWDGCN 233 ADM86392 FLEKKOWPDGSWYGYWGICFVYGTFWVLRGLASAGKTYENSETIQKGVGFLLSTONEEGG 653
BAF63702 ALSYIALRLLGEG- - - PDDGNGS IARARKWILDHGGATGI PSWGKTYLSVLGVYDWDGCN 237 BAF63702 FLEGROWPDGSWYGYWGICFLYGTFFVLGGLSAAGKTYENSEAVRKGVNFLLSTONEEGG 657
Lrkk . kkkkkkok Jkkk ok .. ok kkkkkdkkokkk . kkkkkk  kok o kokk k. ok . kkok skk Lk hhkdkkdhk ohkkkk ghhkky Kk koo kokkokkky ok ko kokkkkkhkdhk
AED99864 PLPPEFWLFPSSFPFHPAKMWIYCRCTYMPMSYLYGKRYHGPITDLVLSLRQEIYNIPYE 300 AED99864 WGESLESCPSEKFTPLKGNRTNLVQTSWATLGLMFGGQAERDPTPLHRAAKLLINAQMDN 720
ACZ71036 PLPPEFWLFPSSFPFHPAKMWIYCRCTYMPMSYLYGKRYHGPITDLVLSLRQEIYNIPYE 300 ACZ71036 WGESLESCPSEKFTPLKGNRTNLVQTSWAMLGLMFGGQAERDPTPLHRAAKLLINAQMDN 720
AAS01523 PLPPEFWLFPEALPYHPAKMWCYCRTTYMPMSYLYGKKYHGPITDLVISLRKEIHPIPYE 297 AAS01523 WGESLESCPSEIFTPLEGNRTNLVQTSWAMLGLMFGGQATRDPTPLHRAAKLLINAQLNN 717
ADM86392 PLPPELWLCPSFLPFHPAKMWCYCRTAYMPMSYLYGKRYHGPITDLVLSLRQEIYVKPYD 293 ADM86392 WGESLKSCPRTKYTPLEGNRTNLVQTAWAMLGLMYGGQAERDTTPLDKAAKLLINAQMED 713
BAF63702 PLPPEFWLFPSFLPYHPAKMWCYCRTTYMPMSYLYGRKYHGPLTDLVLSLRNEIHIKPYN 297 BAF63702 WGECLESCPSMKYTPLEGNRTNLVQTSWAMLGLMYGGQAERDPTSLHKAAKLLIDAQMDD 717
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Fig. 2 Multiple-Alignment of deduced amino acid sequences of B.
monniera BmOSC (ADM86392) with four other plants OSC amino
acid sequences; Panax quinquefolius (AED99864), Panax ginseng
(ACZ71036), Centella asiatica (AAS01523) and Olea europaea

RaceOSC Nested F/GeneRacer 3'nested primer and approxi-
mately 1 kb 5" RACE nested PCR product with RaceOSC
Nested R/ 5" GeneRacer nested primer, were cloned and se-
quenced. BLAST analysis of 3' RACE (491 bp) and 5" RACE
(1,084 bp) sequences showed the identity with reported
oxidosqualene cyclases. After confirmation as oxidosqualene
cyclase by BLAST analysis, the full-length cDNA sequence
(2,765 bp) contained ORF (2,292 bp), 5" UTR (260 bp) and 3’
UTR (188 bp), was designated as BmOSC and submitted to
NCBI GenBank database (Ace. No. HM769762). The BmOSC
ORF encodes polypeptide of 764 amino acid residues with
apparent molecular mass and pl of 87.61 kDa and 6.21 respec-
tively. EMBOSS-Needle Pairwise Sequence Alignment indicat-
ed that BmOSC is sharing 80.5 % & 71.8 % identity and 89.7 %
& 83.5 % similarity with O. europaea and P. notoginseng
respectively. CDD search revealed that BmOSC belongs to
ISOPREN_C2_like super family and showed specific hits with
squalene cyclase domain subgroup 1 (SQCY _1). Different ac-
tive site cavities and highly conserved aspartic acid (Asp) resi-
due, function as a catalytic acid (Wendt et al. 1997) were
observed, correspond to Asp*®! in case of BnOSC sequence
(Fig. 1a and b). The secondary structure prediction of BmOSC
by SOPMA (Geourjon and Deleage 1995) revealed that
BmOSC was predominantly consisted of «-helices (43.32 %)
and random coils (39.92 %), with very few sheets (10.60 %) and
[3-turn (6.15 %)).

@ Springer

(BAF63702). QxxxxxW motifs are shown in red colour conserved
DCTAE motif is in green colour. MWCYCR motif is shown in blue
colour, tryptophan (W) of this motif play an important role in triterpene
backbone synthesis

In addition, the multiple sequence alignment of Bacopa
BmOSC with other reported OSC sequences showed consen-
sus sequences including four QxxxxxW motifs, stabilizing the
OSCs structure. The highly conserved DCTAE motif
(**'DCTAE*™ in BmOSC) plays a key role in substrate bind-
ing and protonation (Wang et al. 2011). Recently, mutation
study in the DCTAE motif of Euphorbia tirucalli OSC re-
vealed, DCTAE as a putative initiation site for the polycyc-
lization reaction (Ito et al. 2013). Kushiro et al. (2000) dem-
onstrated that the tryptophan residue in the MWCYCR motif
of (3-amyrin synthase from pea plays an important role in
synthesis of 3-amyrin. The BmOSC amino acid sequence also
contains the **MWCYCR>® motif (Fig. 2), suggesting that
the enzyme may be involved in formation of cyclic backbone
leads to formation of bacosides in B. monniera. Phylogenetic
tree analysis showed that BmOSC is closely related to a
number of other dicot OSCs and grouped in the cluster of O.
europaea, P. notoginseng and Centella asiatica (Fig. 3).

Expression analysis of BmOSC transcripts in different tissue
of B. monniera (QRT-PCR)

qRT-PCR results showed that BmOSC was expressed highly
in stems and leaves (130 and 105 fold respectively higher than
petals) than roots and floral parts (Fig. 4). These data were also
supported by semi-quantitative PCR (Supplementary Fig. S3).
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Fig. 3 Un-rooted phylogenetic
tree containing the deduced
amino acid sequence of
BmOSC (ADM86392) with 35
other plants OSC amino acid
sequences. The tree was
generated with MEGA4.0.2
using the neighbor-joining
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BmOSC expression pattern in Bacopa is similar to the earlier
reports from M. truncatula and Pisum sativum, where OSC
expression was higher in stem (Iturbe-Ormaetxe et al. 2003).
In Catharanthus roseus, QqRT-PCR results revealed that two
OSCs were expressed in all the aerial tissues with the highest
expression levels in the leaves, but not in the roots and the
gene expression data were consistent with the triterpenoid
accumulation pattern (Huang et al. 2012). Recently, it has
been reported that bacoside A in B. monneira accumulates
mostly in vegetative parts as compared to the floral parts
(Naik et al. 2012), and in our study, BmOSC mRNA expression
is consistent with bacoside A content accumulation. Thus, we
can say BmOSC may be associated with triterpenoid saponin
bacosides biosynthesis in Bacopa. In contrast, the expression
level was highest in flower, and roots and hypocotyls in case of
Nigella sativa (Scholz et al. 2009) and Glycyrrhiza glabra
(Hayashi et al. 2001) respectively. In other reports, the accu-
mulation of transcripts was higher in leaves of Gentiana
straminea (Liu et al. 2009) and C. asiatica (Kim et al. 2005).
The accumulation of asiaiticosides in Centella was higher in
leaves and agreement with OSC transcript accumulation.

In conclusion, the present study of cloning and character-
ization of oxidosqualene cyclase cDNA will provide a po-
tential avenue for developing transgenic Bacopa plants
which over express this gene for enhanced production of
important triterpene saponins.
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