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Abstract Betula platyphylla is a rich repository of pharma-
cologically active secondary metabolites known as birch
triterpenoids (TBP). Here, we cloned the squalene synthase
(SS) and squalene epoxidase genetic (SE) sequences from
B. platyphylla that encode the key enzymes that are involved
in triterpenoid biosynthesis and analyzed the conserved do-
mains and phylogenetics of their corresponding proteins. The
full-length sequence of BpSS is 1588 bp with a poly-A tail,
which contained an open reading frame (ORF) of 1241 bp that
encoded a protein of 413 amino acids. Additionally, the BpSE
full-length sequence of 2040 bp with a poly-A tail was also
obtained, which contained an ORF of 1581 bp encoding a
protein of 526 amino acids. Their organ-specific expression
patterns in 4-week-old tissue culture seedlings of
B. platyphylla were detected by real-time PCR and showed
that they were all highly expressed in leaves, as compared to
stem and root tissues. Additionaly, both BpSS and BpSE were
enhanced following stimulation with ethephon and MeJA.
The expression of BpSS was enhanced by ABA, whereas
BpSE was not. The SA treatment did not affect the BpSS and
BpSE transcripts notably. Using a genome walking approach,
promoter sequences of 965 and 1193 bp, respectively, for
BpSS and BpSE were isolated, and they revealed several key
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cis-regulatory elements known to be involved in the response
to phytohormone and abiotic plant stress. We also found that
the BpSS protein is localized in the cytoplasm. Opening read-
ing frames of BpSS and BpSE were ligated into yeast expres-
sion plasmid pYES2 under control of GALI promoter and
introduced into the yeast INVScll strain. The transformants
were cultured for 12 h, the squalene content of galactose-
induced BpSS expression yeast cells was 13.2 times of control
(empty vector control yeast cells) by high-performance liquid
chromatography (HPLC) test method. And, the squalene
epoxidase activity of induced BpSE expression yeast cell
was about 11.8 times of control. These indicated that we
cloned birch BpSS and BpSE that were indeed involved in
the synthesis of triteropenoids. This is the first report wherein
SS and SE from B. platyphylla were cloned and may be of
significant interest to understand the regulatory role of SS and
SE in the triterpenoids biosynthesis of B. platyphylla. This is
the first report wherein SS and SE from B. platyphylla were
cloned and may be of significant interest to understand the
regulatory role of SS and SE in the biosynthesis of birch
triterpenoids.

Keywords Betula platyphylla - Squalene synthase - Squalene
epoxidase - Birch triterpenoids - Promoter

Introduction

Betula platyphylla contains important secondary metabolites,
and one such group of pharmaceutical secondary metabolites
is the Birch triterpenoids (TBP), which include betulin,
betulinic acid, and oleanolic acid. These TBP have great po-
tential in the development of anticancer and antihuman immu-
nodeficiency virus (HIV) therapeutics (SUN et al. 2002;
Patocka 2003; Zuco et al. 2002) and in the treatment of
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cardiovascular diseases and novel liver condition therapies
(Alakurtti et al. 2006; Zhang et al. 2003; Dang et al. 2012).
In recent years, with the growing rise of natural medicine,
natural plant resources are becoming increasingly scarce. In-
deed, optimal ways to use our natural resources more effec-
tively and rationally are fast becoming a pressing issue. As
secondary plant metabolites in their natural state are at a low
level, effective ways to upregulate natural plant metabolite
production are related to the development of natural medi-
cines, which is a key issue if it can be applied to more effective
production. As triterpenoid biosynthesis-related genes contin-
ue to be cloned, it is possible to regulate terpene biosynthesis
by employing genetic engineering technology and following
metabolic engineering principles.

Currently, in terms of the biosynthetic pathway of
triterpenoid compounds, Birch triterpenoids are synthesized
through the mevalonic acid pathway (MVA) in a series of
enzymatic reactions that involves the synthesis of farnesyl
pyrophosphate (FPP), which leads to squalene synthesis and
then production of squalene 2,3-oxide (Laule et al. 2003;
Zhang et al. 2003). Following a series of cyclization, oxida-
tion, hydroxylation, and glycosylation steps, a broad family of
triterpenoids are synthesized (Haralampidis et al. 2002). Squa-
lene is the common precursor of cholesterol, sterols, and
triterpenoids (Kim et al. 2011a). Squalene synthase (SS) cat-
alyzes the first enzymatic step that commits the carbon pool
away from the central isoprenoid pathway toward the biosyn-
thesis of phytosterols, brassinosteroids, and triterpenoids
(Busquets et al. 2008). Squalene synthase catalyzes the con-
densation of two molecules of farnesyl diphosphate to form a
linear 30-carbon compound called squalene. Squalene
epoxidase (SE) catalyzes the first oxidation reaction through
the triterpenoid biosynthesis pathway and the epoxidation of
squalene to 2,3-oxidosqualene. The content and activity of SS
and SE determine the yield of the subsequent product; thus,
SS and SE are the key rate-limiting enzymes in terpenoid
biosynthesis. In addition, SS was reported to play an important
regulatory role in the phytosterol biosynthetic pathway.

Overexpression of the SS gene in Panax ginseng led to
enhanced accumulation of phytosterols and triterpenes, thus
documenting the important regulatory role of squalene syn-
thase (Lee et al. 2004). Moreover, overexpression of the SS
gene in Bupleurum falcatum resulted in enhanced production
of both phytosterol and saikosaponins and increased messen-
ger RNA (mRNA) accumulation of downstream genes includ-
ing squalene epoxidase and cycloartenol synthase (Seo et al.
2005). Inhibitors that are used against SE inhibit sterol forma-
tion in fungi, and silencing of one of three isoforms of SE in
P, ginseng decreases phytosterol formation, indicating that SE
plays a pivotal role in the regulation (Han et al. 2010).

Plant squalene synthase (SS) and squalene epoxidase
genes (SE) were characterized from Glycyrrhiza uralensis
(Lu et al. 2007), P. ginseng (Kim et al. 2011a), and some
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other plant species but were not characterized in Betula
platyphylla. As part of ongoing efforts to investigate the
genes involved in Birch triterpenoid biosynthesis and their
regulation, we report for the first time the isolation, cloning,
tissue-specific and phytohormone treatment-associated ex-
pression of squalene synthase, and squalene epoxidase (des-
ignated as BpSS and BpSE) from Betula platyphylla. Pro-
moter sequences of squalene synthase and squalene
epoxidase have been isolated and analyzed. The investiga-
tion of BpSS and BpSE also includes their comparative ex-
pression in various tissues and under differential phytohor-
mone treatments. We attempted to gain greater understand-
ing of the regulatory role of squalene synthase and squalene
epoxidase in Birch triterpenoid biosynthesis. The outcomes
of this study have important significance in the context of
exploring the molecular mechanism of triterpene biosynthe-
sis and underpin attempts aimed at improving the content of
Birch triterpenoids biotechnologically.

Materials and methods
Plant material and phytohormone treatment

Tissue culture seedlings of the birch (Betula platyphylla)
were derived from the Northeast Forestry University, Harbin,
China. The seedlings were used as source plant material for
the present study. Different tissues that were used in this
study were collected from 4-week-old tissue culture birch
seedlings. For abscisic acid (ABA), ethephon, methyl
jasmonate (MeJA), and salicylic acid (SA) treatments, the
plants were mist sprayed all over the visible surfaces with
ABA (10 uM), and ethephon (5 mM), MeJA (100 uM),
and SA (50 mg/L) solution were similarly applied to both
sides of the leafuntil the liquid dripped from the leaves. Birch
sapling leaves were harvested at 6, 12, 24, and 48 h after
different hormone treatments. Fresh tissue samples were then
immediately frozen in liquid nitrogen and kept at =80 °C for
further analysis.

Cloning and sequencing of squalene synthase gene
and squalene epoxidase gene

Total RNA was extracted from the cultivated seedlings of
Betula platyphylla using the CTAB-based method. Absor-
bance values of the RNA samples were determined using a
NanoDrop ND-1000 spectrophotometer. RNA quality was
assessed by the optical density (OD) ratios that were mea-
sured at 260 nm/280 nm and by separation through 1 %
agarose gels followed by visual evaluation of band integrity.
Total RNA was treated with DNase I (Takara, Dalian, China)
to eliminate genomic DNA present in the samples. For com-
plementary DNA (cDNA) synthesis, 1 pug of DNase I-
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treated total RNA was reverse-transcribed using Revert-aid
premium reverse transcription kit with an oligo (dT) primer
in a total reaction volume of 20 pL for 15 min at 42 °C, as
described in the instruction manual (Takara, Dalian, China).
The resultant reaction mixture was used as a template for
PCR amplification.

A pair of degenerate oligonucleotide primers, SS-F/SS-R
and SE-F/SE-R, was designed according to the conserved se-
quences of other plant SS and SE genes and was used for the
amplification of the core cDNA fragments of BpSS and BpSE.
Using the abovementioned Betula platyphylla cDNA as a
template, degenerate PCR was carried out under the following
conditions: 35 cycles of 94 °C for 45 s, 45 °C for 30 s, and
72 °C for 45 s followed by a final extension of 72 °C for
10 min. A 450-bp BpSS DNA core fragment and a 530-bp
BpSE core fragment were recovered, then cloned into the
pMDI18-T vector (Takara, Dalian, China), and subjected to
nucleotide sequencing. BLAST analysis showed that the
450- and 530-bp sequenced fragments had high homology
to other plant SS and SE genes. Both fragments were subse-
quently used for designing gene-specific primers for cloning
the 5’ and 3’ ends of the BpSS and BpSE by RACE.

The 5’ and 3’ ends of the BpSS and BpSE cDNA were
obtained by RACE, using the SMART™ RACE cDNA am-
plification kit (Clontech, USA). The 5" RACE-Ready first-
strand cDNA and 3’ RACE-Ready first-strand cDNA were
synthesized following the protocol provided by the manufac-
turer. The 5" end of the BpSS and BpSE cDNA was amplified
using the 5 end of the gene-specific primers (GSPs) and the
universal primers that were provided with the kit. For the 5’
RACE PCR amplification, BpSS-5, and the UPM (i.e., Uni-
versal Primer-A Mix), BpSE-5 and UPM were used separately
as primers and the 5" RACE-Ready cDNA as the template.
The 5" RACE PCR amplification procedures were carried out
under the following conditions: 3 min at 94 °C, 35 cycles of
45sat94°C,30sat60 °C, and 2 min at 72 °C, and a final step
of 10 min at 72 °C. Similarly, the 3’ end of BpSS and BpSE
cDNA were amplified separately using BpSS-3 gene-specific
primers and UPM for PCR. Both of the 3' RACE PCR ampli-
fication procedures were carried out under the following con-
ditions: 3 min at 94 °C, 35 cycles of 45 s at 94 °C, 30 s at
65 °C, and 2 min at 72 °C, and a final step of 10 min at 72 °C.
The PCR amplification products of both 5" and 3’ RACE pro-
cedures were purified and cloned into the pMD18-T vector
followed by DNA sequencing.

By aligning the 3' RACE and 5’ RACE product sequences,
the full-length cDNA products of BpSS and BpSE were ob-
tained. The BpSS and BpSE open reading frame (ORF) was
amplified using a single-stranded cDNA template and gene-
specific primers BpSSFull-F/BpSSFull-R and BpSEFull-F/
BpSEFull-R separately, which covered the start and the stop
codon regions, respectively, which were then cloned into the
pMD18-T vector.

Sequence analysis

The full-length nucleotide sequence was translated using the
Translate tool (found at http://www.expasy.ch/tools/dna.html),
and the properties of the deduced amino acid sequence were
estimated using ProtParam and TMHMM software programs.
Structurally and functionally important regions were
identified in the deduced protein sequence at the National
Center for Biotechnology Information (NCBI) BLAST Con-
served Domains. In addition, the secondary structure was de-
termined by using the SOPMA program.

Phylogenetic analysis

Protein sequences were retrieved from GenBank using the
Blastp algorithm at the NCBI using BpSS and BpSE sequences
as query entries, and then several SS and SE homologues from
different organisms were subsequently selected. Sequences
were aligned using the ClustalW software program found at
the European Bioinformatics Institute (http://www.ebi.ac.uk)
using default parameters. Neighbor-joining trees were con-
structed with MEGA®6.0 software.

Tissue-specific and phytohormone treatment expression
analysis by quantitative real-time analysis

Total RNA from the leaves, root, and stalk tissues and those
plants treated with abscisic acid (ABA), ethephon, methyl
jasmonate (MeJA), and salicylic acid (SA) were extracted as
described above. DNA contamination was removed from the
RNA samples using DNase I. RNA concentrations were mea-
sured at 260 nm by a spectrophotometer. The quality and purity
of the preparations were determined at an OD 260/0D 280-nm
absorption ratio (i.e., 1.8-2.0) and the integrity of the preparation
was determined by electrophoresis through a 1.2 % agarose gel
containing formaldehyde. About 1 pg total RNA was reverse-
transcribed into first-strand cDNA using the reverse transcription
enzyme (Takara, Dalian, China) with the oligo-(dT) primers and
done according to the manufacturer’s protocols. Real-time gPCR
reactions were performed in triplicate using SYBR Premix Ex
Taq polymerase (Takara, Dalian, China) in 96-well optical plates
using an ABI StepOne Real-time qPCR system. The PCR reac-
tion (20 pL) included 2 pL of the cDNA template, 200 nM each
of the primers, and 10 pL of the SYBR Premix Ex Taq poly-
merase. The cycling parameters were 94 °C for 30 s, followed by
40 cycles of 94 °C for 50 s, 58 °C for 30 s, and 72 °C for 40 s.
The specificity of each primer pair was validated by a dissocia-
tion curve (i.e., a single peak was observed for each primer pair).
Raw data of relative quantification values were calculated using
the 22T algorithm approach (Livak and Schmittgen 2001).
The target gene expression level was plotted as log;o RQ (i.e.,
RQIZ_AACT) using the housekeeping {3-tubulin (Tu) gene as
the internal controls (Yin et al. 2012).
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Isolation of BpSS and BpSE promoters

Genome Walking products were constructed following the
user’s manual guidance that was provided by the manufac-
turer (Genome Walking™ Kit, Takara, Dalian). Betula
platyphylla genomic DNA was isolated from fresh leaves
using the CTAB method. The isolated DNA was also con-
firmed for purity considerations on a 0.8 % agarose gel.
The primary PCR assay was performed using AP1 (as pro-
vided in the kit) and SSSP1, with SESPI as the primers,
and construction of the DNA template via the following
protocol: 5 cycles at 94 °C for 25 s and 70 °C for
3 min, with 30 cycles at 94 °C for 25 s, and 65 °C for
3 min, and a final reaction condition at 67 °C for 7 min.
The product was diluted 10-fold and used in the nested
PCR assay, which was performed using AP1 and SSSP2,
with SESP2 as the nested primers under the following con-
ditions: 5 cycles at 94 °C for 25 s and 70 °C for 3 min,
with 30 cycles at 94 °C for 25 s and 70 °C for 3 min, and
30 cycles at 94 °C for 25 s and 67 °C for 3 min, followed
by a final reaction of 67 °C for 7 min. The PCR products
were purified and cloned into the pMDI18-T vector and
subsequently DNA sequenced. Putative cis-acting elements
upstream of the start codon of both the BpSS and BpSE
cDNA were identified by interrogating the Plant Care and
PLACE publically available databases.

Subcellular localization analysis of transiently expressed
BpSS protein

The full-length BpSS coding region was amplified using
primers BpSS-Sall (5" CGGTCGACCGATGGGGTGCGTG
TGTTTCGTAGT 3’, Sall site underlined) and BpSS-PstI (5’
CGCTGCAGCGACCAGCCAGCCATGAACTCAAGT 3/,
Pstl site underlined). The coding sequence of the gene
was inserted in Sall and Pstl sites of the pCAMBIA1303
vector (the vector contains 35S promoter and GFP gene
sequence, Biovector, INC, USA). The fusion construct
pCAMBIA1303-BpSS (p35S BpSS::GFP) and control
pCAMBIA1303 (p35S-GFP) were mobilized in
Agrobacterium tumefaciens strain GV3101 by triparental
hybridization method. Agrobacterium-mediated transient ex-
pression in onion epidermal cells (Nagegowda 2010). These
onion epidermal cells were previously incubated on MS
agar plates at 28 °C under light illumination for 24 h. After
transformation, the tissues were placed on the same agar
plates and incubated at 25 °C for 48 h and a photoperiod
of 16/8 h (day/night). The transient expression image of the
BpSS/GFP fusion protein under blue excitation (475 nm)
was observed by Axioplan 2 imaging MOT Software ac-
quisition and analysis using a fluorescence microscope
(Axioskop2plusFL, Zess, Germany).
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Expression BpSS and BpSE in yeast INVScll strain

The ORF of BpSS and BpSE PCR products was digested with
appropriate restriction enzyme sites and ligated into the corre-
sponding sites of pYES2 (Invitrogen) to construct the plasmid
pYES2-BpSS and pYES2-BpSE. Each plasmid and empty
vector control plasmid were transferred to INVScll strain
(Clontech, USA), using PEG/LiAc method. The
transformants were inoculated in 25-ml synthetic complete
medium without uracil (SC-U) and incubated at 30 °C for
2 days. Then, media were changed to SC-U with the same
supplement and 2 % galactose in place of glucose which is
used to induce the GLA1 promoter. Cells of the INVScll
strain bearing pYES2-BpSS, pYES2-BpSE, and empty vector
control plasmid respectively were cultured at 30 °C for 12 h
with shaking.

HPLC analysis of BpSS products accumulated in INVScll
transformants

The transformants were cultured for 12 h, and expression of
BpSS was induced at the same condition as described above.
Then, cells were collected. The cellular squalene was analyzed
according to Lu et al. (2004)with some modifications. Dried
cells (50 mg) were saponified by 5 ml 10 % (w/v) KOH-75 %
(v/v) ethanol solution at 50 °C for 15 min. The mixture was
extracted with 4 ml of hexane for three times. The hexane layer
was collected and evaporated to dryness. The residue was dis-
solved in 2.5 ml of acetonitrile for subsequent high-performance
liquid chromatography (HPLC) analysis. Waters 1525 HPLC
equipped with a Waters 2489 UV/Visible detector were used.
The separation of squalene was achieved by using a mobile
phase of 100 % acetonitrile at a constant flow rate of 1.0 ml/
min. The squalene was monitored at wavelength of 210 nm.
The peak of squalene was identified based on the retention time
and UV spectra against squalene standard. The quantification
was done according to the external calibration graphs obtained
from peak areas vs. different concentrations of squalene stan-
dards (Sigma, USA). All samples and standards were filtered
through 0.45-um membrane filters before injection.

Detection of squalene epoxidase activity in INVScll
transformants

The cells were harvested by centrifugation at 1000xg for
5 min, resuspended in 0.5 ml of 0.1 M potassium phosphate
buffer (pH 7.4 containing 0.45 M sucrose, | mM EDTA, and
1 mM dithiothreitol), and broken by vortex with acid-washed
glass beads. Cell homogenates were centrifuged at 13,300xg
for 15 min, and the supernatant served as the enzyme prepa-
ration. The squalene epoxidase activity of cells of the INVScll
strain bearing pYES2-BpSE and empty vector control plasmid
was detected using the Squalene epoxidase activity
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quantitative colcrimetric assay kit (GENMED, USA). The
substrates and buffer which are required in the reaction were
supplied by the kit, and each reaction adds 100 pg yeast pro-
tein and then was incubated at 37 °C for 30 min. The reaction
was treated with sulfuric acid and formaldehyde to show col-
or, the results were monitored by spectrophotometer at
400 nm, and squalene epoxidase activity was calculated by
standard curve.

Results
Cloning and sequence analysis of BpSS and BpSE

A full-length cDNA of BpSS and BpSE was obtained from
the tissue culture seedlings of Betula platyphylla by degener-
ate PCR and RACE procedures. Based upon the conserved
amino acid domains of squalene synthase and squalene
epoxidase, forward degenerate primers and reverse degener-
ate primers were designed. Approximately 450- and 530-bp
core fragments of BpSS and BpSE were obtained from the
initial RT-PCR reaction. To obtain 5" and 3’ ends of the core
amplified fragment, the RACE technique was used. Gene-
specific primers used for carrying out RACE were designed
using partial length sequences that were obtained from the
amplified core fragment (Table 1). After assembling the 5’
and 3" RACE sequences, a BpSS ¢cDNA sequence of
1588 bp with a poly-A tail was obtained that contained an
ORF of 1241 bp encoding a protein of 413 amino acids
(Fig. 1). A 52-bp 5' untranslated region (UTR) was upstream

of the start codon, and the coding region was followed by a
265 bp 3" UTR. Similarly, a BpSE cDNA sequence of
2040 bp with a poly-A tail was obtained that contained an
ORF of 1581 bp encoding a protein of 526 amino acids
(Fig. 2). A 213-bp 5’ UTR was upstream of the start codon
and coding region that was followed by a 234-bp 3’ UTR.

Analysis of the deduced protein sequence

The calculated molecular mass and predicted isoelectric point
of the BpSS-deduced polypeptide sequence were 47.57 kDA
and 7.90, respectively. The amino acid sequence of BpSS
shared 88 % homology with that of Glycine max, Camellia
oleifera, and Glycyrrhiza uralensis, and 85 % with Diospyros
kaki, Theobroma cacao, and Eleutherococcus senticosus.
Multiple alignment of BpSS deduced amino acid sequences
with other SS proteins suggested the presence of six (I-VI)
highly conserved SS signature domains of 14-23 amino acids
that are important for catalytic/functional activity of squalene
synthase (Fig. 3). Conserved domains (NCBI) predict that the
BpSS-deduced polypeptide sequence contains a
Trans IPPS HH conserved domain, a squal_synth sequence
of approximately 35-367 aa, and a SQS_PSY sequence of
approximately 40-329 aa. Neighbor-joining phylogenetic
trees were constructed with the MEGA 6.0 software program
from different organisms that were retrieved from the NCBI
GenBank database (Fig. 4). The degree of relatedness corre-
lated well with the amino acid sequence similarity among
these proteins. The BpSS was included in a separate clade
consisting of members of the Theobroma cacao family to

Table 1  List of primers used in the study

No. Primer name Direction Sequence (5'—3")

1. SS-F Forward GC(A/T)CTTGA(C/T) ACTGTTGAGG

2. SS-R Reverse GGTATCTCATT(T/A)AT(G/A)TCCTC

3. SE-F Forward GG(G/T)CT(A/T)GA(G/A)GATTGT(G/T)TG

4. SE-R Reverse C(A/C)CCATT(T/A)GAAATAGAAGG

5. BpSS-5 Reverse TGCGAGTGGCATTTTTCGTGTGG

6. BpSS-3 Forward GCCATTCCTGCACCCATTCTTTTGG

7. BpSE-5 Reverse TCGGATTGCAAAGAGTGCGGCGCA

8. BpSE-3 Forward CGGATGTGGCTGGGAGGAGCTTCCA

9. UPM Forward/reverse Long: 5-CTAAT ACGAC TCACT ATAGG GCAAGCAGTG GTATC AACGC AGAGT-3’
Short: 5-CTAAT ACGAC TCACT ATAGG GC-3'

10. BpSSFull-F Forward ATGGGGTGCGTGTGTTTCGTAGT

11. BpSSFull-R Reverse ACCAGCCAGCCATGAACTCAAGT

12. BpSEFull-F Forward AAGGAAAAACAAATCACAGCCA

13. BpSEFull-R Reverse CAAGTATTCACCATCCCCTCAAC

14. SSSP1 Reverse GTTGAGCATGGTGTAGCAGAAGGC

15. SSSP2 Reverse CCAAACTCCCCATTGCTCCTCTCA

16. SESPI1 Reverse GCTCTTCATGCCCTCGCTTCTCG

17. SESP2 Reverse AGGCGAATATCCACCCAAACAAG
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Fig. 1 Nucleotide and deduced S3 atrgggegttiggetgcgatictgaganacccagatgacttttac 728 stgtictggectogtcagatctggagtanatatgtiancanactt

amino acid sequence of BpSS
from Betula platyphylla. The

" 6GSLGAILREKPDDTFTY '
98 cogtigetgnng ! (aags ! (ECEECEALLCACTCCEATILEAL TT3 gaggactigasatatgaggassactctgasasggeagtgcaatyt
PLLEK®MEKDNAARIKAERDAQG

FYPRAQ SKXY VYKL

EDLKYTETENSEIKAYQC

ATG start codon at position 53 143 atccctecggagecacactgggecttctgetacaccat seteanc 818 ttgaatgacatygtcactaatgetttgatacatgeggangatige
and the TAA stop codon at IPPEPHEAFPCYTHNLRN L¥DWuVTXNALIHXAEDEC
188 aaggtctctogeagettogecat rgttattcageageteagtece 863 ttgasatacaigtetgetitacgagatccgacaatitttegattt

position 1294 KYSRSFADN

YVIQQLSTP

LKY®SALRDPTTITFRETEF

233 gagettegeancgetatatgcatattttatttggtcticgagee 908 tgtgetatcccccagatent sgoaatiggancactiganttatyge
ELRUXAICTITFTYLVYLTRA CHART PR QIO RNAN IS GET LS RSN C

278 ctggatactgtigaggatgacacasgcatacctacagatgttana 953 tacascaacattgasgtoticagaggtgtagtganant saggegt
LDPTVEDDTSIPTDYVYEK Y NI EVYFRGYVYEKMNTZ RTER

323 gtgccastcctganagetiticateogtcacatatatgatigegag 998 ggtcttactgecanactcattgatcgascanaaacg: ' sgeagat
VPILIEKAFMHKRIKTITYTDTCE

368 tggeatttttcatgtggtacanaggantacanagticttnt sgac 1043
¥ HFSCGTKEYKVYLMSMD

413 caatticatcatgtategactgettitetggagetiganangagt
QF NXYSTAPFLSTE E

458 tatcaggaggcaattgagganattaccanaagan' sggtgcagge
Y QEAIEEITIKHTR

SO3 atpgeasastitatatgcasggagetegagacantigatgactat

G LTAKLTIDRTI KTM®NAD
gletatggtgetttetttgatttetectgtat sttgasgtigasg
¥YYGAFFDPFSCAENELIEKLK
1088 gttgacaagaatgaccctaatgcancannnacgtigancaggety
VDKVNDPUXNATIE KTLUENR RL
G A G 1133 gasggastacagasascctgecgzgattogggagtecttancasg
EGIQEKTCERDSGGYLIREK

W AKFICEKEVETTITDTDSTZY 1178 agansatcttacataatcaggagegagectagattcaatecgget

S48 gatgaatattgecactatgtageaggactigttggactaggttty

RKSYITIRSTETPRTFIU NTPEA

D EYCKY VY AGLVYGLGL 1223 cttattgctatactgttaattatatigtccateatttttgettat

S93 tecanacttticcatgectetgggteagangatitggeatcagat

LIAILLTITILSTITITEA RKTY

S KLFXASGSTETDLASTSD 1268 ctctetaccasacgaccanataattan 1294

638 catctctcasattcantsggtttatttcticagansacanacata

LSTKRPINN®»

HLS XS GLFLQKTN NI
683 atacgagattatitggaggatatiaatgagataccanagtctege
IRDYLEDTINETITPIKS SH R

which BpSS belongs. Amino acid alignment results, in con-
junction with phylogenetic analysis, reflected that BpSS
cDNA encoded the full-length functional SS polypeptide from
Betula platyphylla. Also, secondary structural analysis of the
BpSS protein by the SOPMA program revealed that BpSS
consist of «-helixes (66.83 %), B-turns 93.63 % that were
joined by extended strands (5.57 %), and random coils

(23.97 %). Moreover, SS is a conserved class of catalyzing
synthase, and two transmembrane helices in the deduced
BpSS protein are positioned at residues 171-187 and at
389406 aa.

The calculated molecular mass and predicted isoelectric
point of the BpSE-deduced polypeptide sequence were
57.11 kDA and 8.83, respectively. The amino acid

Fig. 2 Nucleotide and deduced
amino acid sequence of BpSE
from Betula platyphylla. The
ATG start codon at position 213
and the TAA stop position at 1793
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213 atzgtgeatcagagettgtttggetezatattegecteggtatts
W v¥YyDQSLFGY¥YITFASVL
258 ggecttgtzgegatttataatctzgtzzccaagaagaaccgagtc
G LY AITYTUNLYAREKTEKTUNT ERY
303 gzagtttegtegzagzeg gegaggzeat zaagagetteace
6 ¥YSSEARSEGHNIE KST ET
348 accactactaaaggagaatgeagateeggtaacggagacgteogae
TTTKGECRSGUNGDVTD
3983 gtcatcatcgteggageecgegegtegeeggtggtectotegeacac
YVIIVGAGY AGGALAH
438 actctagccaaggatzzacgtagagtgeatztzattzaaagaegat
TLAKDGRUERYHYIET RTID
483 ttatcagagectzaccgaattzttzztzaactettacagectzza
LSEPDRIVYGELLSQTEPGEG
528 ggetaccteaaattaategagttggggettgagzattgtotegag
GRTSTS ER U TR ER G T I S E
573 zaaattgzatgctcagegagtgettgzatacgetetetteaagzge
EIDARQRYLGY ALTFIKSE
B18 ggaaagaatactagactgacttatccctiggaaaaatttaaticg
G KXY TRLTTYPLETEKTFTUNS
BE3 zatgtgzetgzzaggagettocacaatggzogttttatocasags
D YAGRSFHNGRTFIAQR
T08 atzagagaaaaagctgctactctgeccaatgtgoaattgzageaa
W REKAATLTPEFUNVQLESH®E
T893 ggtacagtaacatccctgettzaagaaaatgggzactgttagagze
¢ TVTSLLEEUNGTVREGEG
T98 gttcagtacaaatccaaggatggtcaagaacataaatcttatget
Y8 YEKSEKDGAREHEKSTYA®S
843 cctottacaattgtgtzogatzzttzettetoasatetgeogeege
PLTIVCDGCPFSUHNLRRER
088 actctttgeaatccgaaggtagacgtteocteatgttttgtazat
TLCNXNPFPKYDVEFSCTFUVYG
933 ctagtcttagagaactgtcaacticcgtatgoaaatcatggzacat
LYLENC QLTPTYAUNHGE GH
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P A AP HPTPOGALTLMNGID
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A FNHWNERHKPFPLTGGG N TV
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A L SDIVVYLZERTDLTLIEKTEPTL
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FAE T T I RN K P AR VS A S O T T T AT
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¥ ¥ ¢GRLLVY¥Y P FP S P AR
atctggattgzgagecagattigatttoggzegeateaggaateate
I WIGARLTIZSGASGTITI
ttecccattatcaaggeagaaggagttaggeagal sttettecet
FPITIU KMGAWKETGVYRA QMNTFTFTP
gtgactgttceggettattacagageteogectgetaageaagat
¥YTYPF AYTTYTRAFPFAKR QD
cattaa 1793
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Fig. 3 Multiple alignment of the deduced amino acid sequence of BpSS
with known SSs of the other organisms using the ClustalW multiple
alignment tool. The aligned sequences are derived from Glycine max
(AB007503), Glycyrrhiza uralensis SS1 (ADG36702.1), Camellia
oleifera (AGB05603.1), Glycyrrhiza uralensis SS2 (ADG36719.1),
Dioapyros kaki (ACN69082.1), Theobroma cacao (XM_007041985.1),
Aralia elata (ADC32654.1), Eleutherococcus senticusus (AEA41712.1),

sequence of BpSE shared 85 % homology with that of
Theobroma cacao, Jatropha curcas, 80 % homology with
Gynostemma pentaphyllum, and Panax vietnamensis var.
Multiple alignment of the BpSE-deduced amino acid se-
quence with other SE proteins is shown in Fig. 5. Con-
served domains (NCBI) that predicted the BpSE-deduced
polypeptide sequence contained a SDR superfamily of ap-
proximately 209-428 aa. The neighbor-joining phylogenetic
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Astragalus membranaceus (ADW27427.1), Eucalyptus grandis
(LOC104453372), Panax ginseng (ACV88718.1), Populus trichocarpa
(XP_002313765.1), Lotus japonicas (BAC56854.1), Panax
quinquefolius (CAJ58418.1), Centella asitica (AAV58897.1), Siraitia
grosvenorii (AEM42980.1), Homo sapiens (NP_00453.3), and Rattus
norvegicus (AAA42179.1)

tree was constructed with MEGA 6.0 software from differ-
ent organisms that were retrieved from the NCBI GenBank
database (Fig. 6). The degree of relatedness correlated well
with the amino acid sequence similarity among these pro-
teins. The BpSE was included in a separate clade that
consisted of members of the Withania somnifera family to
which BpSS belongs. Amino acid alignment results and the
phylogenetic analysis informed that BpSE ¢cDNA encoded
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Fig. 4 Neighbor-joining
phylogenetic tree constructed
from the deduced amino acid
sequences of BpSS from Betula
platyphylla and SSs from other
organisms using the MEGA 6.0
software program. Numbers
above the branches indicate
bootstrap values
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the full-length functional SE polypeptide from Betula
platyphylla. Secondary structural analysis of the BpSE pro-
tein by SOPMA program analysis revealed that BpSS con-
sists of -helixes (35.89 %) and B-turns (6.91 %) that were
joined by extended strands (16.51 %) and random coils
(40.69 %). The predicted BpSE protein possessed six trans-
membrane helices at positions 624, 59-78, 353-372, 453—
472, and 482-499 aa.

Isolation and analysis of BpSS and BpSE promoter
regions

Using genome walking methodology, we isolated 965 and
1193 bp fragments upstream of the start codon including the
189 bp 5" UTR and the 145 bp 5’ UTR that corresponded to the
putative promoter region of BpSS and BpSE (Figs. 7 and 8).
They possessed a typically high A and T content that is
commonly found in other plant promoters. Computational
analysis using PlantCare and PLACE databases revealed
several cis elements including potential TATA box sequences
within the promoter regions of BpSS and BpSE at positions
+889, —722, +693, +686, —573, +381, +262, —236, —121, +
69 and +940, +286, +576, =575, respectively. Another con-
sensus eukaryotic cis element known as the CAAT-box was
also observed at —954, +616, +615, +471, +82, —85 and
751, +496, —863, —833, —862, —532, —385, and —615 in
the promoter sequences of BpSS and BpSE. Furthermore,
several stress-related cis elements were identified in the pro-
moter regions of BpSE. MBS is an MYB recognition site

@ Springer
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that was identified during this analysis. Members of both the
Myb and Myc family of proteins play an important role in
plant responses to pathogens, low temperature extremes, and
drought conditions. TC-rich repeats present in the promoters
of many defense-related genes of other plants were also
found in the promoter region of BpSE at positions —656
and —1162. In addition, several important phytohormone re-
sponsive elements were also predicted within the BpSS and
BpSE promoter regions that included (1) the CGTCA motif
that is involved in methyl-jasmonate responsiveness, (2) the
TGA element that is involved in auxin responsiveness, (3)
the GARE-motif that is involved in gibberellin responsive-
ness, and (4) the ABRE that is involved in abcisic acid
responsiveness. The important cis-regulatory elements iden-
tified in both BpSS and BpSE along with their putative roles
are listed in Tables 2 and 3.

Differential tissue-specific expression of both BpSS
and BpSE under different phytohormone treatments

To investigate the BpSS and BpSE expression pattern in dif-
ferent tissues of Betula platyphylla, cDNA was prepared from
the total RNA that was purified from the roots, stems, and
leaves that were then used as the template in quantitative
RT-PCR analysis. Results indicated that BpSS and BpSE were
expressed in a constitutive manner in the tissues of roots,
stems, and leaves, with the highest expression levels found
in leaves and the lowest expression levels found in the roots
(Fig. 9). Similar patterns of gene expression were found in
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Fig.5 Multiple alignment of the deduced amino acid sequences of BpSE
with the known SESs of other organisms as determined by the ClustalW
multiple alignment tool. The aligned sequences are derived from
Theobroma cacao (XM_007041985.1), Jatropha curcas
(AGW81843.1), Gynostemma pentaphyllum (ACQ90301.1), Panax
viethamensis var. fuscid (A1K23028.1), Eriobotrya japonica

Withania somnifera, P. ginseng, and Stevia rebaudiana. In
addition, several studies have reported that the phytohormone
elicitor upregulates numerous genes that are involved in sec-
ondary metabolism in cultured plant cells. We used ABA
(10 uM), ethephon (5 mM), MeJA (100 uM), and SA
(50 mg/L) to treat the samples. The expression of BpSS was
significantly increased by 12 h after ABA treatment as com-
pared to control, whereas BpSE was not induced by ABA
treatment. The greatest change in expression of BpSS tran-
scripts was observed in response to ethephon treatment, which
resulted in an 80-fold increase during the 6-h period of post-
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(,AFI133134.2), Withania somifera (ADD17678.1), Chlorophytum
borivilianum (AFN61200.1), Medicago truncatula (CAD23249.1),
Datura inoxia (AAY22200.1), Asadirachta indica (AGC82085.1), Zea
mays (AFW89101.1), Camellia oleifera (AGB05603.1), and Astragalus
membranaceus (ADW27427.1)

elicitation. Additionally, BpSE transcripts were upregulated
following ethephon treatment for 12-24 h. The expression
of BpSS and BpSE was both induced by MeJA at 24 h. How-
ever, the SA treatment did not affect the BpSS and BpSE tran-
scripts notably (Fig. 10).

BpSS localization in the cytoplasm
To examine the subcellular localization of BpSS in living

cells, we performed transient expression assays using onion
epidermal cells with constructs expressing GFP alone and
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Fig. 6 Neighbor-joining
phylogenetic tree constructed
from the deduced amino acid
sequences of BpSE derived from
Betula platyphylla and SEs from
other organisms using MEGA 6.0
software. Numbers above the
branches indicate bootstrap
values

Fig. 7 The DNA sequence of the
Betula platyphylla BpSS promoter
as amplified by the genome
walking method. The putative
TATA box, CAAT box, and other
important cis-regulatory elements
are marked out
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+ TCGAGTTTGGTG TTTAGTTTGAAAAGGTGC TACAAAGTCATG AAAAAAGAACACACACACACACTA GTTT965
- AGCTCAAACCACAAATC CCACGATGTTTCAGTACTTTTTTICTTGTGTGTGTG TGTGATCAAA
TATA -box

CAAT-box oy,

+ TAACAGGGAA GATCARRACTTGC TCGGTTTGTT AATGCTTCTT AAAATTTG
- ATTGTCCCTTGGTT AAACTA GTTTTGAACG AGCCAAACAA TTACGAAGAA TTTTAAACAA AAJA

Box-4 TATA -box
+ACTAAAATGTTTTGTA TTTT GAATTGTTT] TTTT TGTC AAAAAAAAAAAAAAAT TATCCAAGGA 825
-TGA TTTT ACA AAACATAAAA TAATTATAAAA ACAGTTTTTTTTTTTTTTT  AATAGGTTCCT

TATA -box CAAT -box

+ATCCAAAC TTAAAAA AAAAAAAAAA AAAGTCAAAC TACAAAAGAA TGGAAAAGAG 755
-TAGG TTTG TTGTATATTITITIT AATTTTTTTTTITITITITTIT CAGTTTGATGTTTICTT ACCTTTTCTC
GARE-motif

+ATCTCGAAATCCCATTTCAACTAC AAAAGA AAGGARAACA GATCACGAAA TCCCATTTCA ACCACAAAAG 685
-TAGAGCTTT A GGGTAAAGTTGATGTTTTCT TTCCTTTTGTCTAGTGC T TTAGGGTAAAGTTGGTGTTTTC

G-Box Box-4

ACCAAA CCATTATCAA CAGCGTAGCC CCTATCATCC ATTAATTTT 265

+TTTCTTAATT CTTCTTCACG TARA
- AAAGAATTAA GAAGAAGTGC ATHTGGTTT GGTAATAGTT GTCGCATCGE GGATAGFAGG TAATTAAAAA
TATA-box AgRE ARE I-Box
+GGGTGCGCTG AA A AGAATTAAAT TTTTCTTGGG AAAGTCATAG TCTTGG TACA GAATCGCACT 195
- CCCACGCGAC TTAAAAATCT TCTTAATTTAAAAAGAACCC TTTCAGTATC AGAACCATGT CTTAGCGTGA
TGA-element Box-4 TATA-box

+ TCAACGACITT TTGCGCUATTAATAGGGACC CGGCCAACAC AAGAAGQTAC AABAACCCGG CTACCAGAAC 125

- AGTTGCTGAAAACGCGGTAATTATCCCTGG GCCGGTTGTG TTCTTCGATG TTTTTGGGCC GATGGTCTTG

-TGTGTCTCAC ACACGCACAC AAAGCATCAAAGTGATTTAGCC CTCCTCG

+ACACAGAGTG TGTGCGTGTG TTTCGTAGTT TCACTAAATC GGA@"A GGAGC ATGGGGAGTTTGGGTGCG 55
M G S L G A

CAAT-box

TATArbox TATA-box

+ AAGGGATGICT TATAAAAAAA AAAAAAAAQT ACAAAABAAG GGAAAAGAGA TCACAAAATC CCATTTCTTG 615
- TTCCCTACGA ATATTITITTTTTTITIT GATGTTTT CTTCCCTTTTCTCTAGTGTTTTAG GGTAAAGAAC

CAAT -box CAAT -box

+CCGACATATCAA TA TCACATGRAA GATATGTTCA AACTATTT, TTAAATTAAA 545

- GGCTGTATAG TTA ATAGTGTA CTATACAAGT TTGATAAAT AATT
TATA-box CGTCA-motif

+AAAAATGTTC AAACCAAAAA GTCCACACTT GCCAGCTACG TACGTCCCCC CATTTCACAT GCC 75

- TTTTT ACAAG CAGGTGTGAA CGGTCGATGC ATGCAGGGGG G TAAAGTGTA CGGGGCAGTT
ARE TATAbox  CAAT-box

' 4

+ACCTATGAGC CCCTAAAAAA ACCAAC T TAJFTGAAGAAA GAATAAACGA GCGCCAATCC CCGATCGTGA 405
-TGGATACTCG ACTTCTTTCTTA TTTGCT CGCGGTTAGG GGCTAG?
TATA-box ARE TATA-box CGTCA-notif
+CGTCCAGTTC TTAATT CTTC TTTGTTTTTT TTTTTTTTIT TTGGACGAGATATATATATATATATTCTA 335
‘ GGTCAAGAATTAAGAAG AAACAAAAAA AAAAAAAAAAAACCTGCTCA TATATATATA TATATAAGAT
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Fig. 8 The DNA sequence of the
Betula platyphylla BpSE
promoter as amplified by the
genome walking method. The
putative TATA box, CAAT box,
and other important cis-regulatory
elements are marked out

TC rich repeats

+CCAGCTTGCA TGCCTGCAGG TCGACGATTC TCTTC ATGCCCTCGCTTCTCGCTTCCTTICTCAACT CCTTG 1193
- GGTCGAACGTACGGACGTCC AGCTGCTAAG AGAAGTACGG GAGCGAAGAG CGAAGGAAGA GTTGAGGAAC

+GACTTCAGCA ACATTAGCTT TCTTCGAAGA AACAGGAACA GGGCTATCAG TGCTTTCATC CAGCTTTCGC 1123
-CTGAAGTCGT TGTAATCGAAAGAAGCTTCT TTGTCCTTGTCCCGATAGTC ACGAAAGTAG GTCGAAAGCG
Sp1 SUTR Py-rich stretch

+ TTACGCCﬁCTCCCCATC ' CATTATCCTTC TTCCTCIGTT TCTTCTCTTCTCCACTGAA GCCGGCTCAG 1053
-AATGCGGGGA GGGGTAGAAP TAATAGGAAP AAG(fAGACAA AFAAGAGGAA GAGGTGACTTCGGCCGAGTC

GATA-motif GARémotif
+TAGCAGCAGCAACGCTCGCA ACCACAGAAT CCCCACCAGT TGGTAAAACC AGATTCCTCG CCCATTCTTG 983

-ATCGTCGTCG TTGCGAG{GT TGGTGICTTA GGGGT( GTCAACA'@TAAGGAGC GGGTAAGAAC
GTGGC-motif MBS ARE

+CGGGGTAGTC TCATTCGGCTTCCCATGCTTATCCAACTTC CCCTCTGCTA TCAATTTCTTCTTCATCGAC 913
-GCCCCATCAGAGTAAGCCGA AGGGTACGAA TAGGTTGAAG GGGAGACGATAGTTAAAGAA GAAGTAGCTG

AuxRR-core Sp1
L2

+GCCCTTGGCC CCAATCCCCA CTTCC TTGGG TACATATCAdGGTCCATAAC §ACCCTCTTA AFCCTCGCCA 843
-CGGGAACCGG GGTTAGGGGTGAAGGAACCC ATGTATAGTG CCAGGTATTG GTGGGAGAAT TAGGAGCGGT

CGTCA-motif chs-CMA2a

+CCACACCATGATCACAAGTTGCCATCACCG CAG
-GGTGTGGTAC TAGTGTTCAA CGGTAGTGGC GTCAGCA

CTCC!
GTA GAGG

Skn-1-motif Sp1 GAG-motif  TC rich repeats GC-motif

+ TTTGGTAG|C ATTASCACAA TCTCCTCCCC AACCTCGATATCATTCTCAAACETCAACAE CCCCGGAATC 703

-AAACCATCAG TAATCGTGTTAGAGGAGGGG TTGGAGCTATAGTAAGAGTT TGGAGTTGTC GGGGCCTTAG

AAAGCAATTGCTTCTCC 773
GTTAAGGGTTTCGTT AACGAAGAGG

CATT-motif CGTCA-motif

+ATCAACTTGG CACCATAACAAATAGCATTC ACAGCCGAAT CCTTCACAAC CAACCTCTTA TAACTECGTCA|633
-TAGTTGAACC GTGGTATTGT TTATCGTAAG TGTCGGCTTA GGAAGTGTTG GTTGGAGA GAGCAGT

TATA-box

+AAATCACTTC GAGCGGCATAATCACCCTCC TCAAATAACTCTCATCCCTG TAATTATCATAAATCCATTG 563
-TTTAGTGAAG CTCGCCGTAT TAGTGGGAGG AGTTTATTGA GAGTAGGGAC ATTAATAGTA TTTAGGTAAC

+AGCTCCTGCA TATGCCCTCC AACCCCAAGA ATCAGACCCAAATGCACGCA CAACGTCCTC ACATAAGTCC 423
- TCGAGGACGTATACGGGAGG TTGGGGTTCT TAGTCTGGGT TTACGTGCGTGTTGCAGGAG TGTATTCAGG

CAAT-box CATT-motif
+CCGCCTCACA AGAAATCCAGAAAACCACQCA AATECTTATC T AC TCAAGAAGCT TACTTTCATA 353

-GGCGGAGTGT TCTTTAGGTC GGTGT TTACGAATAGACGCAGTATGAGTTCTTCGA ATGAAAGTAT
TATA-box ARE
+|[TATASTCCTA ATCCTAAGCTGCCTCTTCAC CGCGGAAATC AAAGGCGGCC TCTGAAACAC AGCCCCAGTG 283
-ATATCAGGAT TAGGATTCGACGGAGAAGTG GCGCCTTTAG TTTCCGCCGG AGACTTTGTG TCGGGGTCAC
CAAT-box

+AGCGTTTCCAGCGCCCGAGC CACCTTCGAC ACATCGGGCA CCGCAGAATG CAACCTA tm ACAGACAT 213
- TCGCAAAGGT CGCGGGCTCGGTGGAAGCTG TG ﬁGCCCGT GG&TETTAC aTTGGATCGT TATGTCTGTA

Mﬁﬁ CAT'I’-\motif

CAAT-box CAAT-box

+ACTCTTTCCCAGCACCCTGT TGCGATTTCATGAGCCTGGTGGCTCGATCA ATECACACAA TEAGGTTCCC 143
- TGAGAAAGGG TCGTGGGACA ACGCTAAAGTACTCGGACCA CCGAGCTAGT TACGTGTGTTAGTCCAAGGG

+AGTGACTTTT GGATCGAGGG TACCACTGIGA GTTTTC TCTACCTTGA GGATCCGTTTGATCCAGGCG 73
-TCACTGAAAA CCTAGCTCCC ATGGTGACAC TGGCICAAAAG AGATGGAACT CCTAGGCAAAJCTAGGTCCGC
MBS circadian

+ACGATGGTGGATCAGAGCTTGTTT 3
-TGCM vV D Q S L F

the BpSS/GFP fusion. Fluorescence microscopy showed that  in the entire cell including the cytoplasm and nucleus
the BpSS/GFP fusion protein was targeted into the cyto-  (Fig. 11). These results indicated that BpSS is localized in
plasm. By contrast, the control GFP alone was distributed  the cytoplasm.
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Table 2
ugent.be/webtools/plantcare/html/)

Putative cis-acting regulatory elements identified in the promoter region of BpSS using PLANTCARE databases (http://bioinformatics.psb.

Cis element Position Sequence Function of site

TATA-box +889, =722, +693, +686, =573, +381, +262, TAATA, TATA, Core promoter element around —30 transcription start
—236, —121, +69, and 44 positions ATTATA

CAAT-box —954, +616, +615, +471, +82, —85, CAAT Common cis-acting element in promoter and enhancer regions
and 13 positions

ABRE =718 CACGTG ABA-responsive element

CGTCA-motif —629, +556 CGTCA Cis-acting regulatory element involved in the MeJA-responsiveness

GARE-motif  +317 AAACAGA Gibberellin-responsive element

TGA element +844 AACGAC Auxin-responsive element

G-box +718, -718 CACGTG Light cis-acting regulatory element

GATA-motif 751 GATA Part of a light responsive element

Box-4 +859, +762, +171 ATTAAT Conserved DNA sequences involved in the regulation of light

Box-I -19 TTTCAAA Light- responsible element

ATC-motif +614 GCCAATCC  Part of a light responsive element

I-box =751 GATAA Light regulatory conserved sequence

Skn-1-motif ~ +38, +851 GTCAT Endosperm expression of cis-acting element

HPLC of BpSS products accumulated in INVScll
transformants

Based on the obtained sequences, PCR products of BpSS
and BpSE were digested with corresponding restriction en-
zymes and ligated to the downstream of GALI promoter of
pYES2 to construct the plasmid pYES2-BpSS and pYES2-
BpSE. The resulting plasmids were transferred to the
INVScll strain. The transformants were cultured, and

GALI promoter was induced by replacing the carbon
source from glucose to galactose. At cultivation time of
12 h, the squalene content of galactose-induced pYES2-
BpSS expression yeast cells (0.466 mg/g) was about 13.2
times of the empty vector control yeast cells (0.0338 mg/g)
and 3.23 times of the uninduced pYES2-BpSS expression
yeast cells (0.144 mg/g) (Figs. 12 and 13). These results
indicated that BpSS gene indeed involved in the synthesis
of squalene and triterpenoids.

Table 3  Putative cis-acting regulatory elements identified in the promoter region of BpSE using PLANTCARE databases (http://bioinformatics.psb.

ugent.be/webtools/plantcare/html/)

Cis element Position Sequence Function of site

TATA-box +940 , +286, +576, =575, and so on  TAATA, TATA, Core promoter element around —30 transcription start
ATTATA

CAAT-box +751, +496, —863, —833, —862, =532, CAAT Common cis-acting element in promoter and enhancer regions

SUTR Py-rich repeats

ARE
CGTCA-motif
GARE-motif
AuxRR-core
G-box
GATA-motif
MBS

TC-rich repeats
GAG-motif
GATA-motif
GC-motif
CATT-motif
Spl
Skn-1-motif

—385, =615, and 18 positions
+1167
+331,+973
=311, —739, =568
+1017
—801
+480, —483
+1029
+44, +946
—656, —1162
+734
+1029
—642
+167, —608
—679,-793, —1045
=310, —696, =738

ATTCTCTTC
TGGTTT
CGTCA
AAACAGA
GGTCCAT
CACGTG
GATA
TAACTG
ATTCTCTAAC
GGAGATG

AAGGATAAGG

GCCCCGG
GCATTC
CC(G/A)CCC
GTCAT

Efficient transcription element

Anaerobic induction responsive element
Cis-acting regulatory element involved in the MeJA-responsiveness
Gibberellin-responsive element
Auxin-responsive element

Light cis-acting regulatory element

Part of a light responsive element

Drought induced related and MYB binding site
Defense and stress responsive element

Part of a light responsive element

Part of a light responsive element

Auxin induced enhancer element

Part of a light responsive element

Light responsive element

Endosperm expression of cis-acting element
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BpSS relative expression

3

a
T

a
<

(5]
1

BpSE relative expression

Fig. 9 Tissue-specific expression of BpSS and BpSE of Betula platyphyll
seedlings from 4 weeks old. The root, stem, and leaves of 4-week-old
birch were collected, and expression of BpSS and BpSE genes was ana-

Root

Stem

Leaves Root

zfAACl

lyzed using real-time quantitative PCR. Gene expression data were

Fig. 10 a, b Relative
quantification of BpSS and BpSE
genes of birch saplings under
different hormone treatment. a
Relative quantification of BpSS
and BpSE genes under 5 mM/L
Ephophon treatment. b Relative
quantification of BpSS and BpSE
genes under10 pM/L ABA. ¢
Relative quantification of BpSS
and BpSE genes under 100 uM/L
MelJA. d Relative quantification
of BpSS and BpSE genes under
50 mg/L SA. Birch saplings of 4-
week use be different hormone
treatment is described in
“Materials and Methods.” Birch
saplings leaf were harvested on 6,
12, 24, and 48 h after different
hormone treatment, and
expression of BpSS and BpSE
genes was analyzed using real-
time quantitative PCR. Gene
expression data were calculated
relative to the reference genes Tu
after implementation of the
27AAC method. A total of three
biological and three technical
replicates were performed; data
are mean+SE of n=9

BpSS relative expression

BpSE relative expression

BpSS relative expression

BpSE relative expression
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calculated relative to the reference genes Tu after implementation of the
method. A total of three biological and three technical replicates
were performed, data are mean+SE of n=9
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Fig. 11 Subcellular localization
of the BpSS/GFP fusion protein
onion epidermal cells. The cells
with constructs expressing
fluorescence protein (GFP) alone
and the BpSS/GFP fusion protein
were analyzed under bright and
fluorescence field after 48 h

Fig. 12 The HPLC profile of
squalene from standard (a), the
empty vector yeast cells (b), the
uninduced pYES2-BpSS yeast
cells (¢), and induced pYES2-
BpSS yeast cells (d). Squalene
peak time was at 28.508 min by
UV absorption at 210 nm
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Fig. 13 The content of squalene
and squalene epoxidase activity
of different yeast cells. The
cellular squalene was analyzed
according to Lu et al. (2004) with
some modifications. The squalene
epoxidase activity (pkat/g protein,
represented as mean+SD) of each
empty vector control yeast cells,
uninduced pYES2-BpSE yeast
cells, and induced pYES2-BpSE
yeast cells. A total of three bio-
logical and three technical
replicates were performed

0.61

0.41

0.21

squalene content (mg/g)

0.0-

Detection of squalene epoxidase activity in INVScll
transformants

Under the same condition, we examined the absorbance at
400 nm of the reactants and then calculated squalene
epoxidase activity. There were no obvious differences be-
tween squalene epoxidase activity of uninduced pYES2-
BpSE yeast cells and vector empty control yeast cells. In con-
trast, the galactose-induced pYES2-BpSE yeast cells show
more squalene epoxidase activity and had about 11.84 times
of control (Fig. 13), and its squalene epoxidase activity was
2.131 pkat/g protein. The squalene epoxidase activity of
uninduced pYES2-BpSE yeast cells and vector empty control
yeast cells was 0.2314 and 0.1832 pkat/g protein, respectively.

Discussion

Squalene synthase and squalene epoxidase play important
roles in terpenes biosynthesis. An enhancement of phytosterol
and saponin accumulation by SS and SE gene overexpression
has been reported in some species, including P. ginseng (Lee
et al. 2004) and Eleutherococcus senticosus (Seo et al. 2005).
In this study, by using degenerate primers and the RACE PCR
strategy, full-length ¢cDNA that encoded squalene synthase
and squalene epoxidase were isolated from Betula
platyphylla. In addition, their promoter regions were cloned
and characterized, and the full-length and promoter regulatory
elements and functions were analyzed using bioinformatics.
NCBI BLAST alignment results showed similarity of the
BpSS ¢cDNA full-length sequence and Glycine max,
Theobroma cacao, Eleutherococcus senticosus, and other
plants at greater than 82 % homology. The BpSS-encoding
amino acids contained a typical SQS_PSY conserved domain,
and with the Trans IPPS _HH conserved domains, that might
all belong to isoprenoid biosynthesis enzymes, of the class 1
family (Robinson et al. 1993; Huang et al. 2007). In the BpSE
cDNA full sequences with known Theobroma cacao squalene

squalene epoxidase activity(pkat/g protein)

epoxidase SE gene expression and Jatropha curcas of the
squalene epoxidase gene, it was shown that the SE similarity
was 82 % and 80 %, respectively. Conserved domain predic-
tion found that BpSE belonged to the SDR superfamily, which
contains the squalene epoxidase-specific domain that is com-
prised of conserved regions, the coenzyme Q binding domain
(COQ6) and an FAD-dependent chloride reductase domain
(UbiH), as well as other species that are specific to squalene
epoxidase that also have the same conserved domains (He
et al. 2008; Gomelsky and Klug 2002; Favre and Ryder
1996; Han et al. 2010)

In this study, we isolated BpSS and BpSE gene promoters in
the Betula platyphylla genome, with fragment lengths of 965
and 1193 bp. The promoter software program plantCARE
displayed results as displayed in Figs. 7 and 8. The BpSS
and BpSE promoter contains a variety of other plants in the
presence of promoters such as the common promoter elements
including the TATA and CAAT box. The BpSE promoter con-
tains the stress-related cis element and the MYB binding site,
which collectively will empower the BpSE gene with the abil-
ity of adapting to the environment. In addition to the pro-
moters of both genes that contained cis-acting elements that
were associated with the induction of plant hormones, the
ABRE abscisic acid response element, CGTCA-motif methyl
jasmonate-responsive element, the GARE-motif GA-respon-
sive element, the TGA-motif auxin response elements, and the
AuxRR-core core auxin response elements collectively indi-
cated that both BpSS and BpSE could be induced by the plant
hormones. By analyzing the expression patterns of BpSS and
BpSE, the results are the same as our prediction.

Jasmonate (JA) and its methyl ester (MeJA) are generally
considered to modulate many physiological events in higher
plants, such as defense responses, flowering, and senescence
(Wasternack and Parthier 1997). Treatments of these signaling
molecules are one of the major biotechnological approaches to
modify the biosynthesis of secondary metabolites. It was
found that following treatment for 2 h in the Betula
platyphylla study, gene expression of both BpSS and BpSE
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was significantly upregulated, which indicates that it plays a
role as a signaling molecule in the biosynthesis of triterpenes
in Betula platyphylla. MeJA could also augment the accumu-
lation of SS mRNA in Bupleurum tenue (Kim et al. 2011b).
When MeJA was administered to cultured roots of Bupleurum
falcatum, the level of BfSS1 mRNA greatly increased in a
dose-dependent manner (Young et al. 2011). Moreover, others
have found that Withania somnifera of the gene promoters of
SS and SE displayed multiple plant hormones that were asso-
ciated cis-acting elements, and after MeJA treatment for 12 h,
the expression of both genes was increased (Bhat et al. 2012;
Razdan et al. 2003). A few studies have reported the effects of
SA on the expression of genes involved in triterpene biosyn-
thesis. In the present experiment, the accumulation of BpSE and
BpSS mRNA was not affected by SA treatment. Aoyagi et al.
(2001) found that SA treatment at various concentrations did not
promote saikosaponin production in Bupleurum falcatum. It
was reported that exogenous application of SA or its derivatives
blocks not only JA biosynthesis but also the action of JA after
wounding in tomato (Pena-Cortes et al. 1993; Doares et al.
1995), suggesting a possible mechanism for the inverse relation-
ship between SA and JA in triterpene metabolism. Other plants,
such as P, ginseng and Panax notoginseng, informed us that
other hormones could enhance the expression of both genes
(Niu et al. 2014). Interestingly, the accumulation of BpSS
mRNA increased after treatment with ABA and ethephon,
which have the same result with BfSS1 treatment in Bupleurum
falcatum. These results can indicate that these stress hormones
can promote the expression of SS and SE, and this process
might be responsible for the biosynthesis of secondary metabo-
lites. Although ABA is not a regular signal to induce secondary
metabolism, it has also been proved that can regulated second-
ary metabolism of some kind of plants. Ethylene has been re-
ported that can increase the production of anthocyanin, flavo-
noid, and stilbenoid by upregulating their biosynthetic genes in
grape (Vitisvinifera) cell cultures (El-Kereamy et al. 2003).

An important molecular event initiates secondary metabolite
biosynthesis wherein the transcription factor binds the gene pro-
moter and then activates triterpene biosynthesis-related gene ex-
pression. Studies have found that a variety of terpene biosynthet-
ic transcription factors can specifically bind with the G-Box start
codon for terpene synthesis-related gene expression, such as
Siberil (Pré et al. 2000). This uses the STR gene promoter in
the G-Box as an inducer from the periwinkle-isolated cDNA
library, which was identified as the bZIP family CrGBF
(Catharanthus roseus G-box binding factor) transcription factor:
CrGBF1 and CrGBF2. Both the BpSS and BpSE promoter se-
quences exist in the G-Box element Betula platyphylla, which
may have sequence homology to bZIP. Moreover, the bHLH
transcription factor can bind G-Box to start BpSS and BpSE
mRNA transcription and then regulate triterpenoid metabolism.
The MYB transcription factor plays a significant role in plant
metabolism and development, and its main function is to regulate
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secondary metabolism and control cell morphogenesis (Dubos
et al. 2008). Many studies have shown that MYB transcription
factors are involved in plant secondary metabolism (Shen et al.
2012). In the BpSE promoter sequences, MBS is the MYB-
binding site that can specifically bind an MYB transcription
factor and then start BpSE mRNA transcription. We speculate
that in the BpSS and BpSE promoter regions of G-Box, some
other cis-acting elements may also exist, which represents the
sole transcription factor that can bind multiple triterpenoid bio-
synthetic genes in the regulation of triterpene metabolism.

SS protein has been demonstrated in some other species that is
membrane bound and localized in endoplasmic reticulum. But, it
has not confirmed in Betula platyphylla yet. Most membrane
proteins have hydrophobic regions which span the hydrophobic
core of the membrane bilayer. C-terminal hydrophobic sequences
of SS protein are important for anchoring the enzyme to the
endoplasmic erticulum membrane (Robinson et al. 1993; Kribii
et al. 1997). Membrane-spinning amino acids derived from BpSS
were predicted using TMHMM, a program that predicts trans-
membrane helices based on a hidden Markov model. BpSS not
only had C-terminal hydrophobic sequences but also had addi-
tional membrane-spanning helix near the region of domain C
(the 389~406 amino acid chain is outside-transmembrane helix).
We performed transient expression assays using onion epidermal
cells with constructs expressing GFP alone and the BpSS/GFP
fusion, which also indicated the BpSS protein located in the
cytoplasm. But, if the BpSS protein is membrane bound and
localized in endoplasmic reticulum or not will require further
experimental analysis. SE protein is revealed by a perusal of
literature that is a microsomal protein and also present in lipid
droplets, but only ER associated protein has been found to be
active (Leber et al. 1998). We will study the cellular localization
of BpSE protein in the future.

HPLC analysis of BpSS products accumulated and detection
of squalene epoxidase activity in INVScll transformants indicat-
ed that the BpSS and BpSE were indeed involved in the synthesis
of triterpenoids. The data confirm the function of two genes.

In this study, we cloned and detected the expression patterns
of the genes encoding the enzymes BpSS and BpSE that are
involved in birch triterpene biosynthesis. In addition, we isolat-
ed BpSS and BpSE promoters and analyzed cis-acting elements.
In the future, we plan to study the relationship between BpSS
and BpSE expression, secondary metabolite synthesis, and tran-
scription factors. Therefore, the regulation of the gene expres-
sion of key enzyme and their promoters that are involved in
triterpene biosynthesis not only enables investigators to improve
understanding of the pathways involved but might also have
important research and development value.
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