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Abstract Sterol C24 methyltransferase (SMT2) genes
governing the pattern of phytosterols synthesized in higher
plants have been studied in Glycine seedlings and wild-
type and engineered Arabidopsis thaliana plants. The
SMT?2 genes of soybean (SMT2-1 and SMT2-2) previously
cloned and characterized (Neelakandan et al. 2009) were
shown to complement the SMT deficient cvpl mutant
Arabidopsis plants, consistent with their role in regulation
of 24-alkyl sterol-controlled plant physiology. Further
analysis of these genes showed that environmental cues,
including dehydration, cold, and abscisic acid induced
differential changes in transcript levels of the SMT2 during
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soybean seedling growth. Sterol analyses of transgenic
Arabidopsis seeds originating in variant constructs of
AtHMGRI1, GmSMTI1, and GmSMT?2 engineered in seeds
showed relevant modifications in the ratio of 24-methyl to
24-ethyl sterol in the direction of sitosterol formation. To
provide insight into the structural features of the sterol gene
that affects transcript regulation, the upstream promoter
sequences of soybean SMT2 genes were cloned and char-
acterized. Sequence analysis revealed several important
cis-elements and transcription factor binding sites. The
analysis of promoter-GUS fusions in transgenic Arabid-
opsis plants revealed shared and distinct expression fea-
tures in different developmental stages and tissues. The
data are interpreted to imply that SMT2 is an important
contributor to normal plant growth and development.
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Abbreviations
SMT Sterol 24-C-methyltransferase

PCR Polymerase chain reaction

GC-FID  Gas-chromatography-flame ionization detector

BR Brassinosteroids

SAM S-Adenosyl methionine

cvp Cotyledon vascular pattern

HMGR  3-Hydroxy, 3-methylglutaryl coenzyme A
reductase

GUS Beta glucuronidase

2.4-D 2,4-Dichlorophenoxy acetic acid

ABA Abscisic acid

START  Steroidogenic acute regulatory protein (StAR)-
related lipid transfer domain

Introduction

Phytosterols are a family of natural products characterized
by their unique side chain construction of a 24-alkyl group
that in nature can differ in size and stereochemistry. In crop
plants, 24o/f-methyl and 24c¢-ethyl sterols generally
account for more than 85% of the total sterols (Jayasimha
et al. 2006). These 24-alkyl sterols possess multiple roles in
tracheophytes, including that of an architectural component
of membranes and as a precursor to steroid hormones
(Beck et al. 2007; Clouse 2000; Hartmann 1998). The
biosynthesis of phytosterols originates in the isoprenoid
pathway, in which the starting C5-unit can be derived
either from the acetate-mevalonate or mevalonate-inde-
pendent pathways (Fig. 1; Benveniste 2004; Rohmer
2008). Recent studies have shown that compartmentation
of isoprenoid enzymes and co-ordinate regulation of
enzyme activities involved in sterol biosynthesis can affect
the sterol fluxome across kingdoms and in plant develop-
ment (Benveniste 2004; Jayasimha et al. 20006).

Enzyme activities crucial to carbon flux in the direction of
24-alkyl sterol synthesis are 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR), and sterol C-24 methyl-
transferase (SMT), which act as a “course control” and “fine
control” of metabolism, respectively (Chappell et al. 1995;
Hemmerlin et al. 2004; Schaller et al. 1995). Transgenic
upregulation of SMT1 (Holmberg et al. 2002) or pharma-
cological inhibition of squalene synthase (Wentzinger et al.
2002) feed-back to modulate HMGR activity in such a way
to affect phytosterol production. Alternatively, sitosterol can
feed-back and down-regulate SMT activity, presumably as
membrane biogenesis plateaus at growth arrest (Nes 2000).
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HMGR activity is also regulated by alterations of sphingo-
lipid levels, thus presenting an important junction for reg-
ulatory crosstalk between lipid biosynthetic pathways
(Nieto et al. 2009). In transgenic studies targeted at HMGR,
over-expression of the enzyme led to the accumulation of
intermediate sterols thereby facilitating the identification of
additional slow steps in the pathway, mediated by SMTI,
which catalyses the first committed step of sterol biosyn-
thesis (Bach 1986; Chappell et al. 1995; Nes 2000). Further
engineering efforts of different combinations of HMGR and
SMTT1 in crop plants resulted in improved total sterol levels
(Holmberg et al. 2003), suggesting that appropriate modi-
fication of the isoprenoid-phytosterol genes might produce
beneficial increases in phytosterol levels of seed oils.

Another distinct class of SMT enzymes termed SMT2
(EC 2.1.1.143), consisting of two isoforms, SMT2-1 and
SMT2-2 (Neelakandan et al. 2009), catalyzing a second
methyl transfer further downstream the pathway, was
identified (Bouvier-Navé et al. 1997, 1998; Zhou and Nes
2003). The plant SMT?2 is believed to be an ER localized
enzyme, which catalyses S-adenosylmethionine-dependent
transfer of methyl groups to the C-24(28)-methylene
lophenol substrate. This step represents a branch point
reaction directing carbon flux towards synthesis of C-24
ethyl sterols and away from brassinosteroid biosynthesis.
The transcriptional regulation of plant SMTI and SMT2
genes of the sterol pathway have been investigated in dif-
ferent plant species (Carland et al. 2002; Diener et al. 2000;
Luo et al. 2008; Neelakandan et al. 2009; Shi et al. 1996).
The mutants of the SMT2-1 gene in Arabidopsis, cotyledon
vascular pattern 1 (cvpl), has pleiotropic phenotypes
including a defect in vascular patterning and development,
serrated petal and sepal margins and reduced intermodal
and silique elongation (Carland et al. 2002). Another
Arabidopsis mutant, frll, was reported with serrated sepal
and petal tips, which were attributed to ectopic endoredu-
plication (Hase et al. 2000, 2005).

The reaction catalyzed by the SMT2 enzyme diverts
carbon flux towards the C-24 ethyl sterols, which represents
the final segment of phytosterol biosynthesis. These mole-
cules, especially sitosterol, have tremendous applications in
the functional food industry mainly due to the cholesterol-
lowering effect in humans (Westrate and Meijer 1998).
Constitutive over-expression of SMT2 in model species
resulted in the reduction of C24 methyl sterol (campesterol)
levels and a concomitant increase in C24 ethyl sterol
(sitosterol) species (Schaeffer et al. 2000, 2001; Schaller
et al. 1998; Sitbon and Jonsson 2001). However, the plants
had morphological alterations including reduction in plant
height, apparently due to a decrease in cell number and
reduced growth. These defects could be rescued by exoge-
nous brassinosteroid treatment, indicating that the observed
abnormal morphology was due to BR deficiency.
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Fig. 1 Biosynthetic scheme of the major sterol biosynthesis pathway
in plants. The enzymes involved in the main reactions involving
committed steps in the isoprenoid, phytosterol and C24 ethyl sterols,

Recently, we reported on soybean SMT2 genes,
GmSMT2-1 and GmSMT2-2, with 96% identity at the
amino acid level (Fig. 2) and they share 80% similarity to
Arabidopsis (orthologues of AtSMT2-1 and AtSMT2-2,
respectively), and tobacco genes. These SMT2 proteins
were cloned and characterized in E. coli for details of
substrate specificity and inhibition (Neelakandan et al.
2009). They reside in chromosomes 4 (Glyma04g02270)
and 6 (Glyma06g02330) respectively as per the soybean
sequence assembly Glymal.O (http://www.phytozome.net/
soybean.php). The enzyme encoded by the GmSMT2-2
gene was found to have a better catalytic efficiency among
the two and exhibited regulated transcript abundance in
developing soybean seeds. To shed further light on the tran-
scriptome—metabolome congruence affecting the function
of SMT2 in soybean sterol biosynthesis, we prepared
a set of transgenic plants harboring seed-targeted over-
expression of HMGRI, SMTI and SMT2 genes.

Materials and methods
Plant materials and treatments

Soybean seedlings of cv. Maverick were grown in 3 gallon
pots under green house conditions of 28/20°C day/night
temperature, photoperiod of 16/8 h, and the dehydration,
ABA, salinity and cold treatments were performed on
seedlings at different time points as per Tran et al. (2009).
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examined in this study, are shown inside rounded rectangles. The
mutants for SMT2 gene are indicated in italics. Dotted arrow marks
represent multiple enzymatic steps

Arabidopsis thaliana ecotype Columbia (Col 0-gl) seeds
were used as the Arabidopsis wild-type genetic back-
ground. The SMT2 mutant, cvpl-3 seeds used in this study
were obtained from Dr. Timothy Nelson (Yale University).
The Arabidopsis seeds were surface sterilized and sown in
MS plates (with or without antibiotic), subjected to cold
treatment (4°C) in dark for 2-3 days, and allowed to grow
for 2 weeks. The seedlings were transplanted to small pots
containing Promix media (Hummert International, Earth
City, MO, USA) in growth chambers maintained at 22°C,
70% relative humidity, with 16/8 h photoperiod and fer-
tilized with Scotts Peters 20-20-20 water soluble fertilizer
as per requirement. The flowering stage plants were
selected for transformation conducted as described by
Clough and Bent (1998). The T1 transgenic seedlings were
initially selected on MS plates in the presence of the
selection agent, glufosinate ammonium (Crescent chemical
company, Islandia, NY, USA) at a concentration of
20-25 mg/l and subsequently analyzed by gene-specific
PCR. The T2 seeds were screened on antibiotic plates to
determine segregation ratios, and only those events with
single or two transgene insertion loci were selected for
further analysis.

Generation of recombinant gene constructs
for Arabidopsis transformation

The cloning strategy and details of the organization of gene
cassettes generated in the binary vectors, pZY101Asc and
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Fig. 2 Amino acid alignment GmSMT2-1 MDPLSLFCTGALLAGG-LYWFVCVLGPAEQKGKRATDLSGGSISAEKVQDNYKQYWSFFR 59
of representative SMT2 proteins GmSMT2-2 MDSLSLFCTGALLAGG-LYWFVCVLGPAEQKGKRATDLSGGSISAEKVQDNYKQYWSFFR 59
cloned and characterized from AtSMT2-1 MDSLTLFFTGALVAVG-IYWFLCVLGPAERKGKRAVDLSGGSISAEKVQDNYKQYWSFFR 59
plants. The conserved sterol and AtSMT2-2 MDSVALYCTAGLIAGA-VYWFICVLGPAERKGKRASDLSGGSISAEKVKDNYNQYWSFFR 59
Adomet binding sites are NtSMT2-1 MDSLTLICTAALLAAGGLYWFVCILGSAEVKGKRAVQLSGGSIEKENVQODNYKQYWSFFR 60
indicated with arrow marks NtSMT2-2 = ----- ARATASLLAGG-LYWFVCILGSAEIKGKRAVNLSGGFIAKEKVQDKYKQYWSFFR 54
Region I
GmSMT2-1 RPKEIETADKVPDFVDTFYNLVTDIYEWGWGQSFHFSPSIPGKSHRDATRLHEEMAVDLI 119
GmSMT2-2 RPKEIETADKVPDFVDTFYNLVTDIYEWGWGQSFHFSPSIPGKSHREATRLHEEMAVDLI 119
AtSMT2-1 RPKEIETAEKVPDFVDTFYNLVTDIYEWGWGQSFHFSPSIPGKSHKDATRLHEEMAVDLI 119
AtSMT2-2 KPKEIESAEKVPDFVDTFYNLVTDTYEWGWGQSFHFSPHVPGKSDKDATRIHEEMAVDLI 119
NtSMT2-1 RPKEIETADKVPAFVDTFYNLVTDIYEWGWGQSFHFSPSIPGKSHREATRTHEEMAVDLI 120
NtSMT2-2 RPKEIETTENVPAFVDTFYNLVTDIYEWGWGQSFHFSPAITGKFHREATRLHEEMAVDLL 114
Region I1
+—>
GmSMT2-1 EAKPGNRILDVGCGVGGPMRATIAAHSRANVVGITINEYQVNRARMHNKKAGLESLCEVVC 179
GmSMT2-2 EAKPGNKILDVGCGVGGPMRAIAAHSRANVVGITINEYQVNRARMHNKKAGLDSLCEGVC 179
AtSMT2-1 QVKPGQKILDVGCGVGGPMRATIASHSRANVVGITINEYQVNRARLHNKKAGLDALCEVVC 179
AtSMT2-2 KVKPGQKILDAGCGVGGPMRATIAAHSKAQVTGITINEYQVQRAKLHNKKAGLDSLCNVVC 179
NtSMT2-1 GVKPGARILDAGCGVGGPMRATIAAHSRANVVGITINEYQVKRARMHNKKAGLDSLCEVVC 180
NtSMT2-2 GIKPGARVLDAGCGVGGPMRAIAAHSGANIVGITINEYQVNRARAHNKKAGLDSQCEVVC 174
Region I1I Region IV
+—> —>
GmSMT2-1 GNFLKMPFPDNSFDGAYSIEATCHAPKLEEVYAEIFRVLKPGALYVSYEWVTTDKYRGDD 239
GmSMT2-2 GNFLKMPFVDNSFDGAYSIEATCHAPKLEEVYAEIFRVLKPGALYVSYEWVTTDKYSGDD 239
AtSMT2-1 GNFLQMPFDDNSFDGAYSIEATCHAPKLEEVYAEIYRVLKPGSMYVSYEWVTTEKFKAED 239
AtSMT2-2 GNFLKMPFDENTFDGAYSIEATCHAPKLEEVYSEIFRVMKPGSLFVSYEWVTTEKYRDDD 239
NtSMT2-1 GNFLQMPFPDNSFDGAYSIEATCHAPKLEEVYKEIYRVMKPGSLYVSYEWVTTELYRPED 240
NtSMT2-2 GNFLQMPFDDNSFDGVYSIEATCHAPKLEEVYSEIYRVLKPGSMYVSYEWVTTELYNSDD 234
GmSMT2-1 PEHVEVIQGIERGDALPGLRNYTDIAETARKVGFAVVKERDLAKPPAQPWWSRLKMGRIA 299
GmSMT2-2 PEHVEVIQGIERGDALPGLRSYAEIAETARKVGFAVVKERDLAKPPALPWWSRLKMGRIA 299
AtSMT2-1 DEHVEVIQGIERGDALPGLRAYVDIAETAKKVGFEIVKEKDLASPPAEPWWTRLKMGRLA 299
AtSMT2-2 EEHKDVIQGIERGDALPGLRSYADIAVTAKKVGFEVVKEKDLAKPPSKPWWNRLKMGRIA 299
NtSMT2-1 PEHVEITHGIERGDALPGLRSYKDIAEVAKKVGFEVVKEKDLARPPSNPWWTRLKMGRIA 300
NtSMT2-2 PEHVKIIHGIERGDALPGLRNYSDIADVARAVGFEVVKEKDLAKPPANPWWNTRLKMGRIA 294
GmSMT2-1 YWRNHIVVTVLAALGIAPKGTVDVHEMLFKTADYLTRGGDSGIFSPMHMILCRKPHDKDD 359
GmSMT2-2 YWRNHIVVTVLAALGIAPKGTVDVHEMLFKTADYLTRGGDSGIFSPMHMILCRKPHDKDE 359
AtSMT2-1 YWRNHIVVQILSAVGVAPKGTVDVHEMLFKTADCLTRGGETGIFSPMHMILCRKPESPEE 359
AtSMT2-2 YWRNHVVVVILSAIGVAPKGTVDVHKMLFKTADYLTRGGETGIFSPMHMILCRKPEKASE 359
NtSMT2-1 YWRNHILVTILAFLGIAPKGTVDVHEMLFVTADYLSKGGEKGIFSPMHMILCRKPEE--- 357
NtSMT2-2 YWRNHIVVTVLSWLGIAPKGTVDVHKMLFVTADYLAKGGDKGIFSPMHMILCRKPEEH-- 352
GmSMT2-1 HN- 361
GmSMT2-2 QNSG 363
AtsSMT2-1 ss- 361
AtSMT2-2 -—--
NtSMT2-1 -
NtSMT2-2 -—-

pCambia3301, for Arabidopsis transformation, are summa-
rized below. The primer sequences used for amplification
and cloning are detailed in Supplementary Table 1. The
plant selection was conferred by the bar gene driven by the
CaMV35S promoter sequence and NOS polyadenylation
signal. For generating Glycinin-GmSMTI (SM1), Soybean
SMTI (GeneBank accession number U43683) gene was
amplified from the subcloning vector (GmSMTpET23a)
with gene specific primers containing Notl sites and cloned
into the intermediate vector pKMS3, downstream to the
seed-specific glycinin-1 promoter, at the Notl site. The ori-
entation was verified with respect to the glycinin promoter
and the whole gene expression cassette (Glycinin-1 pro-
moter-SMT1 gene-Glycinin-1 terminator) was subsequently
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cloned into the binary vector, pZY101-Asc (SM1) at the
Ascl. The p-Phaseolin-GmSMT2-2 (SM2) construct was
developed by first amplifying the phaseolin promoter from
the pPhas vector, which was subcloned into the pKMS3
vector replacing the Glycinin-1 promoter (at the Kpnl and
Notl sites) creating an additional EcoRI site by incorporat-
ing EcoRI recognition sequence into the primer sequence.
Subsequently, the GmSMT2-2 cDNA sequences were cloned
downstream of Phaseolin promoter at the EcoRI-Notl site
and the whole gene cassette, together with phaseolin ter-
minator was introduced into the destination vector at the
Smal site. To develop f-Conglycinin-AtHMGRI: Glycinin-
GmSMTI1 (SH) construct, the C terminal catalytic domain
along with a part of the linker region (amino acids 164-592)
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of Arabidopsis HMGR-1 gene (GeneBank accession
number, P14891), was amplified using primers with
Notl restriction site from leaf cDNA and subcloned into
pBetaConSoyHyg, which harbors the seed-specific Beta-
conglycinin promoter and phaseolin terminator (abbreviated
as HM) and checked for the right orientation. The whole
gene cassette was subsequently cloned into the binary vector
SMI1 at the Hind III site (abbreviated as SH). Subsequently
a three gene casette vector [-Conglycinin-AtHMGRI:
Glycinin-GmSMT1: p-Phaseolin-GmSMT2-2 (SHS) was
developed by inserting the f-Phaseolin-GmSMT2-2 gene
cassette into the SH vector at the Smal site. For developing
355-GmSMT2-1 (SM21C) and 35S-GmSMT2-2 (SM22C),
the GmSMT?2 coding sequence is sub-cloned downstream to
the CaMV35S promoter in pRTL2 vector (Carrington and
Freed 1990) at EcoRI-Sacl sites, and the whole gene cassette
was subsequently cloned into the binary vector pZY101-Asc
at the Hind III site. The vectors GmSMT2-1-GUS (G1) and
GmSMT2-2-GUS (G2) were generated by amplifying the 5’
upstream sequence of soybean SMT2-1 gene (591 bp) and
SMT2-2 gene (1,877 bp) using primers with incorporated
restriction sites followed by cloning in pCambia3301 cut
with Xbal and Ncol, replacing the CaMV35S promoter.

PCR analysis

The putative transgenic plants were screened by PCR for
the presence of the transgene. Genomic DNA was isolated
by from young leaf tissues using CTAB method (Saghai-
Maroof et al. 1984) and electrophoresed on 0.8% agarose
gels to verify the integrity and quantified by nanodrop
model ND-1000 UV-Vis spectrophotometer (NanoDrop-
Technologies, Wilmington, DE, USA). The PCR primers
were designed for the transgene coding sequences, as listed
in the Supplementary Table 1. Amplifications were per-
formed with 50 ng genomic DNA using Taq 2X mastermix
(New England Biolabs, Ipswich, MA, USA), along with the
respective primers at the appropriate annealing tempera-
tures for 30 cycles of amplification followed by electro-
phoresis on 1% agarose gels, visualized by ethidium
bromide staining and photographed.

RNA isolation, cDNA synthesis and gRT-PCR analysis

The procedure for total RNA isolation from soybean tissues
and transcript quantification are as described previously
(Tran et al. 2009; Neelakandan et al. 2009). Gene-specific
primers were designed using Primer Express 2.0 software
(ABI); their sequences and the respective amplicon sizes
are reported in the Supplementary Table 2. The relative
quantifications of SMT gene expression in different tissues
were performed using the comparative threshold cycle (Cy)

method, after normalization to the expression levels of
CYP2 gene (Tran et al. 2009) selected as the internal
reference.

RNA was isolated from wild-type and transgenic
Arabidopsis plant tissues (seedlings and siliques) using
RNEasy Plant Mini Kit (Qiagen Inc. Valencia, CA, USA)
One microgram of total RNA was subjected to DNase I
treatment and RT-PCR as described in Neelakandan et al.
(2009). The wubiquitin gene (UBQ5:AT3G62250) was
selected as the house keeping control. The amplified
products were run on 1% agarose gels and visualized by
ethidium bromide staining and photographed.

Sterol analysis

Sterol extraction and analysis was performed based on
Neelakandan et al. (2009) and the Iowa State University’s
plant metabolomics analytical platform protocol, with
slight modifications. 5-alpha cholestane (Sigma—Aldrich,
St. Louis, MO, USA) was added as the internal standard.
Lipids were extracted from 10 mg of Arabidopsis seeds in
chloroform:methanol mixture, followed by saponification,
solvent extraction with hexane and subsequent derivatisa-
tion by silylation to form TMS ether derivatives of sterols,
which were used for quantification. GC analysis of sterols
was performed with a Finnigan TraceGC Ultra gas chro-
matograph equipped with a Flame Ionization Detector. The
column used was TRACE TR-5MS, which is a 5% Phenyl
(equiv) polysilphenylene-siloxane capillary column of
30 m length, 0.25 mm ID and 0.25 pum film thickness.
Helium was used as the carrier gas with a flow rate of
1.0 ml/min and a split injection ratio of 1:10 was
employed. Standard sterols and mixtures were run under
identical conditions to identify the analytes on the basis of
their retention times.

Genome walking for identification of upstream
sequences

The upstream sequences of the Glycine max SMT2 genes
were identified and cloned using Genome Walker Universal
kit (Clontech Laboratories, Mountain View, CA, USA),
as per the manufacturer’s instructions. The gene-specific
oligo sequences used in PCR amplification are as follows:
SM21GR, 5-GCCCAGAACGCACACGAACCAGTAGA
3’; SM21GNR (nested reverse primer), 5'-GGGGTCCATT
GTGACTTTGTGAGAA 3'; SM22GR, 5-CGGCGGAAG
AAGGACCAGTACTGCTT 3’; SM22GNR, 5-AGAAGG
GCTCCGGTGCAGAAGAGAGA 3. The PCR products
were purified, cloned in Copy Control™ pCCl vector
(Epicentre Biotechnologies, Madison, WI, USA) and
sequenced.

@ Springer
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Promoter analysis in silico

The upstream sequences were analyzed computationally
for the presence of potential cis-acting elements important
for regulation of expression, using PLACE (Higo et al.
1999), PLANTCARE (Lescot et al. 2002) databases and
putative transcription factor binding sites with the Plant-
PAN plant promoter analysis navigator tool (Chang et al.
2008).

GUS histochemical staining and microscopy

GUS histochemical staining was performed as per Jefferson
et al. (1987). The tissues at the developmental stages of at
least three independent plants of two independent events in
T2 and T3 generations were sampled and stained in the
GUS staining buffer at 37°C overnight. For dehydration
treatments, 2-week-old seedlings were removed from the
plate and subjected to bench drying in filter papers at
room temperature for 1, 3 and 5 h time points, followed
by GUS staining. The controls were also placed in filter
papers saturated with water. For auxin treatment, 3-day-old
seedlings were placed in a solution of 2, 4-Dichlorophe-
noxyacetic acid (2, 4-D), a synthetic auxin, at a concen-
tration of 10 uM for a duration of 12 h, followed by
staining in the GUS buffer. Arabidopsis tissues (treated and
non treated) were immersed in GUS staining buffer
[50 mM sodium phosphate, pH 7.0, 1 mM EDTA, 0.1 mM
potassium ferrocyanide, 0.1 mM potassium ferricyanide,
2 mM of 5-Bromo-4-chloro-3-indolyl pf-p-glucuronide
cyclohexylammonium salt (X-gluc, Sigma-Aldrich, St.
Louis, MO, USA) as substrate, which was pre-dissolved
in N-dimethyl sulfoxide] and later photographed using a
Leica EZ4 D stereo-microscope [Leica Microsystems
(Switzerland) Ltd] equipped with a Leica EC3 camera
digital camera and LAS EZ (Leica Application Suite
Educational Zoom) software for image acquisition and
analysis. For higher magnifications, Olympus Vanox
AHBT3 upright microscope equipped with a 3-megapixel
color CMOS digital camera was used with DIC optics.

Results

Expression of GmSMT2 genes under stress
and hormone treatments

Our earlier studies in soybean revealed that the expression of
SMT?2 genes are more or less ubiquitous in different tissues
(Neelakandan et al. 2009), and that SMT2-2 shows higher
transcriptional abundance in seed developmental stages. In
the present study, we monitored the expression of soybean
SMT?2 genes under a variety of treatments including
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dehydration, water (mock), ABA (100 uM), salt (NaCl,
250 mM), and cold, at the indicated time points in soybean
seedlings (Fig. 3). Analysis of transcript abundance by
gRT-PCR revealed that both the genes are down-regulated
at 5 and 10 h after dehydration and markedly and consis-
tently induced under cold conditions. ABA treatment elic-
ited a slight increase in transcript levels, at 1 h time point for
both the genes and consistently at the 5 and 10 h treatments
for the SMT2-2 gene, as compared to the water controls. A
slight reduction in expression was associated with the
salinity treatment for both the genes. Our findings suggest
that the transcriptional regulation of soybean SMT2 genes is
influenced by environmental conditions to some extent. The
data also suggests a co-ordinate regulation of the two genes
to combat the environmental stresses and thereby point
towards parallel functions, in tissue-dependent regulation of
the carbon flux downstream in the pathway.

GmSMT?2 genes functionally complement cvp/ mutants

In order to ascertain the in planta functionality of soybean
SMT2 genes for potential applications in future, the
respective cDNAs were cloned downstream of the consti-
tutive CaMV35S promoter and used to transform homo-
zygous Arabidopsis cvpl-3 mutant plants (Carland et al.

=0hr SMT2-1

*

Relative expression level

Dehydration Water ABA NaCl Cold
2.5
=0hr SMT2-2
2 4 O1hr *

Shr
510 hr

Relative expression level

Water ABA NaCl Cold

Dehydration

Fig. 3 ABA and abiotic stress-specific regulation of SMT2 genes.
Soybean tissues were subjected to treatments as described in the
“Materials and methods” section and relative quantification of SM7T2
mRNA was performed. The control treatment values are normalized
to 1 and the fold change in expression is depicted. The error bars
denote standard error of three technical replicates. Statistically
significant differences based on paired Students’s ¢ test at P < 0.1
is denoted by asteriks
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2002). The mutant plants had pleiotropic phenotypes,
including discontinuous cotyledon venation, serrated petal
and sepal margins, delayed flowering and senescence and
reduced plant height at maturity. The transgene expression
by RT-PCR and morphological characteristics of the trans-
genic cvpl-3 plants were evaluated in at least three inde-
pendent events. The vascular patterning defect in the
cotyledons of the mutant was completely rectified by both
the soybean SMT2 isoforms. Moreover, the dwarf mutant
phenotype (Fig. 4) and the silique elongation defects (data
not shown) were complemented in correlation with the
transgene expression level. Other than a slight delay in
flowering and senescence, the wild-type phenotype was
almost completely restored. Our data thus demonstrates that
the soybean SMT2 genes are capable of producing a

WT cvpl

(F)

WTVC SMT21C SMT22C

GmSMT?2

Fig. 4 Complementation of cvp/ mutant Arabidopsis plants. The
cotyledons are cleared of chlorophyll and the veination pattern is
visualized in a—d. a Wild-type, b cvp/-3 mutant, ¢ SM21C and
d SM22C, representing GmSMT2 genes driven by the CaMV35S
promoters in the mutant background. Yellow arrows mark disconti-
nuities in the veination pattern in the cvp/-3 mutant. e presents the
morphology of the plants at the reproductive stage. WT stands for
wild-type Arabidopsis plants and wild-type transformed the empty
PZY 101Asc vector (WTVC) is also included as a transgenic control.
f represents the transgene expression by RT-PCR using GmSMT2
gene-specific and AtUBQ5 primers as the housekeeping control

catalytically active enzyme, which could function in vivo in
heterologous plant systems. In order to gain a deeper
understanding towards the regulation of this gene family in
soybean, we identified and cloned the respective promoter
sequences and performed detailed in planta characterization.

Role of SMT?2 in Arabidopsis seed sterol accumulation

The plant specific SMT genes code for enzymes that are
involved in the transfer of methyl groups to sterol inter-
mediates and it has been demonstrated earlier that SMT1 is
a rate-limiting enzyme in channeling the carbon flux
downstream towards C-24 alkyl sterol synthesis (Nes and
Venkatramesh 1999; Holmberg et al. 2002), and that it is
capable of acting in concert to enhance sterol levels
(Holmberg et al. 2003). To investigate the role of plant
SMT2 genes in regulating the metabolic flux, we over-
expressed the GmSMT2-2 gene, selected based on higher
transcriptional abundance among the two and better cata-
Iytic activity of the corresponding enzyme, in Arabidopsis
seeds with the seed-specific Beta Phaseolin promoter
(abbreviated as SM2). For comparison, transgenic plants
were also developed with GmSMTI under the control of
seed-specific Glycinin-1 promoter alone (SM1) and in
combination with AtHMGRI downstream to the seed-
specific Beta Conglycinin promoter (SH). A fourth con-
struct with seed-specific over-expression of all the three
genes, HMGRI, SMTI, and SMT2 (SHS) was also devel-
oped to ascertain the ability of SMT2 gene to act in con-
junction with known upstream rate-limiting enzymes in
order to channel carbon flux towards the synthesis of
C24-ethyl sterols.

The transgene expression was checked in the mid-mature
siliques derived from transgenic T2 plants (see Supple-
mentary Fig. 1 for details). In general, SHS seeds had a
higher level of SMT1 and SMT2 expression, as compared to
the rest of the constructs. The sterol content and composition
from homozygous T4 seeds of three independent plants of
three independent events, in two technical replicates were
analyzed by GC-FID as shown in Fig. 5. The sterol content
of the wild-type seeds comprising of sitosterol, stigmasterol,
campesterol and cycloartenol was on an average, 2.82 ng/mg
seeds. The alteration in sterol content was the least in SM2
seeds, whereas, the genetically modified SHS seeds, showed
maximum increase in total content increased, i.e., up to
4.16 pg/mg seeds for the SHS2-2 event. In general, sitos-
terol and stigmasterol levels increased in all the transgenic
seed samples, cycloartenol levels declined and campesterol
levels were more or less static, except in the SHS seeds,
where there was a reduction. The ratio R, representing
campesterol: sitosterol was 0.25 for wild-type seeds, ranged
from 0.22 to 0.24 for SM1 and SH seeds, 0.19 for SM2-2 and
0.13 in SHS-3 seeds. The proportion of sitosterol increased
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Hot

Total Sterol levels pg/mg seed

WT SM1-2 SM1-4 SM1-5 SH2

SH3
Seed samples

Fig. 5 Changes in the total sterol content in transgenic seeds.
Arabidopsis seeds were analyzed for the total sterol content (sitosterol,
campesterol, stigmasterol and cycloartenol) by GC-FID and the values
for three independent events are depicted in the graph.
The construct abbreviations are as follows: SMI1-Seed-specific
GmSMT]I over-expression; SH-Seed-specific GmSMT1 and AtHMGR1

to 85% in SHS as against 78 % of the sterol pool in wild-type,
at the expense of campesterol, which declined up to 14% in
SHS as compared to 20% in wild-type (Fig. 6). The pro-
portion of cycloartenol was around 1.8% of the total sterols
in wild-type, 1.3% in SH, 0.8% in SM1, 1% in SM2 and
0.6% in SHS seeds. On an average, the levels of beneficial
C-24 ethyl sterols increased by 49% in SHS-2 as against
SM2-1 seeds, where the increase is only 22%, as compared
to the wild-type. Our data indicates that SMT2 genes do seem
to have an effect on fine tuning the end-product C-24 ethyl
sterol levels and engineering multiple rate-limiting steps
leading to more efficient steering of metabolic flux down-
stream towards the sterol pathway.

Cis-acting elements in SMT2 upstream sequences

The 5 flanking sequences of the SMT2 genes were cloned
by adaptor mediated PCR based genome walking strategy
and the sequences were analyzed for the presence of
putative cis-acting motifs responsible for basal and regu-
lated expression. The sequence lengths were 591 and
1,877 bp for the GmSMT2-1 and GmSMT2-2 respectively,
with reference to the start codon, ATG. A number of cis-
acting elements were identified based on homology to
previously characterized regulatory motifs in plants as
documented in the PLACE and PLANTCARE databases
and are summarized in the Table 1. Many of these potential
functional motifs were conserved in sequence and position
for the two soybean SMT2 genes, which include the ABRE
elements (CACGTG) for ABA responsiveness, ARE
elements (TGGTTT) for anaerobic induction, MBS motifs
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Fig. 6 Sterol composition in the genetically modified seeds. The
relative proportion of individual sterol species in the total pool is
represented graphically for the Arabidopsis seeds of different
transgenic constructs, SM (Seed-specific GmSMT1 over-expression),
SH (Seed-specific GmSMTI and AtHMGRI over-expression), SHS
(Seed-specific GmSMT, AtHMGRI1 and GmSMT2-2 over-expression),
and SM2 (Seed-specific GmSMT2-2 over-expression)

(C/TAACTG) for drought responsiveness, LTRECORE
(CCGAC) for low temperature responsive expression, and
Skn-1 motif (GTCAT) for endosperm expression (Table 1;
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Fig. 7). Furthermore, multiple regulatory elements for light
responsive expression like GT1-motif, GA-motif, GAG-
motif, I box, G box, ATCT-motif, etc. were identified (data
not shown), along with several E box/MYC consensus
sequences (CANNTG), which are characteristic sequence
motifs for ABA and cold responsiveness. The cloned
SMT2-2 gene promoter has putative cis-elements like
TGA-element (AACGAC) for auxin responsiveness,
TATC-box (TATCCCA) for gibberellin responsiveness,
T/G box (AACGTG) for induction by Jasmonic acid, and
RY repeat or legumin box (GTGCATG) commonly found
in legume storage protein gene promoters that are respon-
sible for high levels of expression in seeds (Table 1;
Supplementary Fig. 2). The analysis of these putative
regulatory motifs suggests a potentially complex tran-
scriptional regulation for the two SMT-2 genes, which
involves both shared and unique elements for modulating
the gene expression.

Analysis of predicted transcription factor binding sites in
the SMT2-2 promoter sequence was also performed as
summarized in Table 2. Binding sites for regulatory pro-
teins belonging to HD-ZIP, bHLH, MADS box, Myb, Dof,
AP2 domain, etc., were predicted by in silico analysis as
summarized in Table 2. The presence of such diverse
potential transcription factor binding sequence motifs based
on homology to functional elements in heterologous sys-
tems indicate the significance of complex transcriptional
regulation of this gene family in soybean.

Developmental and inducible regulation of SM72
promoter in transgenic Arabidopsis

In an effort to characterize the spatial, temporal and
inducible transcriptional regulation, the SMT2 promoter
sequences were cloned upstream to the [-glucuronidase
reporter gene to generate transcriptional fusions. These
constructs were used to transform Arabidopsis wild-type
plants by the floral dip method. The transgenic plants
harboring the SMT2-1 promoter showed GUS expression
predominantly in the cotyledons and the base of the
hypocotyls in seedlings, and the tips of young leaves.
Transgenic plants with the SMT2-2 promoter had a similar
expression pattern, but with strong GUS expression through-
out the leaves and stem, specifically in the vascular tissue,
in both etiolated and light-grown plants (Fig. 8a-A-F).
Figure 8a-G represents control plants with constitutive
GUS expression driven by the CaMV35S promoter.
Furthermore, SMT2-2 expression was found prominently in
the membrane adjacent to the inner walls of the guard cells
of the stomata in leaves (Fig. 8a-H). This is also in
agreement with similar studies on the squalene epoxygen-
ase gene (Posé et al. 2009), acting upstream in the pathway
and reportedly expressing in guard cells and affecting

stomatal response features. In 7-day and 14-day-old seed-
lings, GUS expression was found in the older leaves
and tips of younger leaves for SMT2-1:GUS (G1) plants
whereas strong uniform expression was observed through-
out the shoot in the case of G2 (SMT2-2:GUS) seedlings
(Fig. 8b-I, J, M, N). At the reproductive stage plants,
SMT2-1 promoter controlled GUS was found to express
strongly in the anthers, with a very low expression in petals,
whereas GUS expression governed by the SMT2-2 promoter
was observed throughout the floral tissues, including sta-
men, petals, sepals, and stigma and in the developing pods
at the receptacle and the apical region (Fig. 8b-K, L, O, P).

Although no detectable levels of GUS were found in roots
of 3-day-old seedlings, the expression could be induced in
the elongation zone of the root by exogenous supply of auxin
in SMT2-2 transgenic plants (Fig. 8c-Q-T). Our finding is
consistent with studies of SMT2 orthologues and related
sterol genes in model systems (Carland et al. 2002; Posé et al.
2009). In order to study the treatment effects, the 14-day-old
seedlings of SMT2-2: GUS transgenic plants were sub-
jected to dehydration for different time periods to monitor
the changes in expression patterns. A down-regulation of
expression was observed as expected based on the transcript
assay, spatially as visualized histochemically. In the water
controls, the shoot had uniform distribution of GUS at dif-
ferent time points. After 3 h of dehydration, GUS expression
could be detectable only in portions of veins towards the leaf
apex, meristematic region and the base of the stem (Fig. 8c-
U, V) and it progressed at 5 h time point as well (Fig. 8c-W).

Discussion

The ability to synthesize C-24 alkyl sterols and more
specifically C-24a ethyl sterols is unique to the plant
kingdom (Neelakandan et al. 2009). The soybean genome
has a pair of SMT2 genes encoding active enzymes as
described in our earlier study (Neelakandan et al. 2009)
and also based on the recently released soybean genome
annotation (Schmutz et al. 2010). In the present study, we
have characterized the soybean SMT2 genes responsible for
encoding enzymes catalyzing the first committed step in
the final segment of the pathway leading to sitosterol bio-
synthesis. Furthermore, transgenic tissue-specific over-
expression of SMT2-2 gene in Arabidopsis provided novel
insights on the regulation of partitioning of brassinosteroid
precursors and membrane sterols in seeds.

In this study, our first objective was to analyze the tran-
scriptional regulation of SMT2 genes, in soybean seedlings
with respect to environmental cues and signal molecules. It
has been proposed that the ability of plants to synthesize
sterols with branched ethyl groups (as in sitosterol and
stigmasterol) might be part of an evolutionary adaptation
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Table 1 Predicted cis elements in the soybean SMT2 promoters

Cis-element Motif Position Attributed function Reference Database
SMT2-1
TATA box TAATA -196, -129 (4), Basal transcription Deckert and Gresshoff PLANTCARE
-132 (—) (unpublished)
CAAT box CCAAT -153, -375 (+) Basal transcription Yamaguchi-Shinozaki PLANTCARE
and Shinozaki (1993)
ABRE CACGTG -432 (4) Abscisic acid (ABA) and  Baker et al. (1994) PLANTCARE
drought responsiveness
ARE TGGTTT -149 (+), -378 (—) Essential for anaerobic Manjunath and Sachs PLANTCARE
induction (1997)
GT-1 motif GGTTAA -116 (—) Light responsiveness Vauterin et al. (1999) PLANTCARE
Skn-1 motif GTCAT -549 (—) Endopserm expression Takaiwa et al. (1991) PLANTCARE
MBS CAACTG -459 (+) MYB binding site for Yamaguchi-Shinozaki PLANTCARE
drought inducibility and Shinozaki (1993)
E box/MYC CANNTG -340, -349, -432, -459, ABA and Cold inducibility Stalberg et al. (1996), PLACE
CONSENSUS -552 (+) and (-) Chinnusamy et al. (2003),
and Abe et al. (2003)
Anaerolconsensus AAACAAA -58 (4), -307 (—) Anaerobic inducibility Mohanty et al. (2005) PLACE
LTRECORE CCGAC -160 (—) Core of low temperature Baker et al. (1994) PLACE
responsive element
SMT2-2
TATA box TAATA -124, -200, -269 (+) Basal transcription Deckert and Gresshoff PLANTCARE
(unpublished)
CAAT box CAATT -293, -219 (+) Basal transcription Deckert and Gresshoff PLANTCARE
(unpublished)
ABRE CACGTG -481, -1453 (+) Abscisic acid (ABA) and  Baker et al. (1994) PLANTCARE
drought responsiveness
ARE TGGTTT -398 (+) Essential for anaerobic Manjunath and Sachs PLANTCARE
induction (1997)
GT-1 motif GGTTAA -1620 (—) Light responsiveness Vauterin et al. (1999) PLANTCARE
GCN4 motif TGTGTCA -1567 (—) Endosperm expression Kim and Wu (1990) PLANTCARE
Skn-1 motif GTCAT -614, -1568 (—) Endosperm expression Takaiwa et al. (1991) PLANTCARE
HSE AAAAAATTTC -686, -739, -855, Heat stress responsiveness  Pastuglia et al. (1997) PLANTCARE
-1001 (+)
MBS T/CAACTG -509, 1391 (+) MYB binding site for Yamaguchi-Shinozaki PLANTCARE
drought inducibility and Shinozaki (1993)
TGA-element AACGAC -101 (-) Auxin responsiveness Pastuglia et al. (1997) PLANTCARE
SURECORE GAGAC -1194 (+) Auxin Response Factor Maruyama-Nakashita PLACE
(ARF) binding sequence et al. (2005)
of Sulfur responsive
element (SURE) core
Circadian CAANNNNATC -1686 (+) Circadian control Pichersky et al. (1985) PLANTCARE
Evening element AAAATATCT  -853, -737 (+) Circadian control Harmer et al. (2000) PLACE
T/GBOX AACGTG -451, -1116 (—) JA inducibility Boter et al. (2004) PLACE
E box/MYC CANNTG -481, -508, -617, ABA and Cold inducibility Stalberg et al. (1996), PLACE
CONSENSUS -1233, -1453, -1575 Chinnusamy et al. (2003),
(+) and (-) and Abe et al. (2003)
Anaero2consensus AGCAGC -465, -468 (+) Anaerobic inducibility Mohanty et al. (2005) PLACE
RY repeat/Legumin box GTGCATG -1572 () Seed-specific regulation Fujiwara and Beachy PLACE
(1994)
LTRECORE CCGAC -409 (—) Core of low temperature Baker et al. (1994) PLACE

responsive element
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Fig. 7 Cis-acting elements
predicted in the soybean SMT2
sequences. The relative position

and organization of putative cis | GmSMT2-2 promoter

acting functional motifs
predicted computationally are

| GmSMT2-1 promoter | .591”_.*‘"_‘_,\!;>

-1877 ©ml‘ * . I' H 5 a I‘ .*E* . ATG

indicated
100 bp
© Legumin box ® MBS (Myb binding site)
#*  GT-1 motif 0 T/G box
I Ebox/MYC CONSENSUS V' Evening element
@  Skn-1 motif @ TGA- element
Y ABRE clement ¥ ARF-SURECORE
A ARE clement ] Transcriptional Start Site

process to cope up with wider temperature fluctuations, and
to maintain the essential membrane associated metabolic
processes, as compared to animals (Dufourc 2008). The
SMT2 genes catalyze the first committed step towards
the synthesis of C-24 ethyl sterols. The cold induction
of SMT2 genes, therefore, seems likely to have a function in
re-organizing sterol biosynthesis, to promote cold acclima-
tion of membranes. The cold and dehydration regulated
cis-acting elements (e.g. E box, LTRECORE, MBS) found
conserved in the upstream sequences of the two SMT?2 genes
could be implicated to have a role in this response. The
ABRE sequences are also present in the SMT2 gene pro-
moters and they are possibly involved in the observed weak
ABA responsiveness of the SMT2 genes.

The first committed step in the isoprenoid biosynthesis
reactions catalyzed by HMGR and the C-24 methyl transfer
reaction catalyzed by SMT1 have been clearly elucidated
to be two crucial control points in regulating sterol accu-
mulation in plant systems (Chappell et al. 1995; Harker
et al. 2003; Holmberg et al. 2002, 2003; Schaeffer et al.
2000). The potential role of GmSMT2-2 gene in sterol
synthesis and allocation of the campesterol: sitosterol ratio
in seeds was investigated for the first time in transgenic
Arabidopsis. BR-deficient mutants are not known to have
embryogenic defects (Clouse 2000, 2002) and hence seed-
specific over-expression of SMT2 gene was undertaken as a
logical approach to test the effect of this gene in elevating
the levels of C-24 ethyl sterols. The transgenic seeds with
seed-specific over-expression of SMT2 gene and combi-
nations displayed higher sitosterol and reduced cycloarte-
nol levels. As observed, campesterol levels seem to be
tightly regulated in seed tissues, since the R ratios were not
drastically altered as compared to observations in vegeta-
tive tissues as a result of constitutive over-expression in
earlier studies (Schaeffer et al. 2001).

In order to shed additional light on the transcriptional
regulation of plant sterol genes, we have explored the
nature of cis elements and transcription factor binding sites

in the upstream sequences of SM72 genes. In humans and
yeast, sterol response elements (SRE) have been identified
as conserved cis-acting motifs in the upstream sequences of
cholesterol and ergosterol biosynthesis genes respectively,
to which the SRE binding protein (SREBP) binds and
regulates sterol biosynthesis (Goldstein et al. 2002; Vik and
Rine 2001). SREBPs comprise of a family of helix-loop-
helix-leucine zipper membrane bound transcription factors,
and they act as an oxygen sensor in S pombe (Hughes et al.
2005). Similarly, in the budding yeast, two activators of
ergosterol pathway, Upc2p and Ecm22p, activate many of
the ergosterol biosynthetic genes mediated by SRE ele-
ments. Furthermore, the ergosterol biosynthetic genes are
also reportedly induced by hypoxia (Davies and Rine 2006).
Plants appear to be devoid of protein homologues of mam-
malian and yeast sterol regulators. However, the presence of
anaerobic response elements in SMT2 promoters is inter-
esting and points towards possible conserved modules in the
regulation of phytosterol biosynthesis. Recently, a START
domain family protein, PYL1, was identified as a receptor
for ABA, a member of the terpenoid family, mediating ABA
signaling (Miyazono et al. 2009). Our in silico analysis of
the SMT2-2 promoter revealed the presence of several
putative transcription factor binding sites including the
HD-START protein (ATHB-9), and this would be worth
investigating in the future.

Subsequently, the in planta functionality and regulation
of soybean SMT2 genes were investigated in detail in
transgenic Arabidopsis. Our data on mutant complemen-
tation and promoter analysis clearly shows that the two
SMT?2 genes are functional, encoding catalytically active
enzymes, and the promoters are capable of activating the
transcription of reporter gene in heterologous plant sys-
tems, with shared and unique expression features. The RY
repeat or legumin box found in legume storage protein
gene promoters (Fujiwara and Beachy 1994) and GCN4
motif (Kim and Wu 1990) are present in the upstream
sequence of GmSMT2-2 and they are believed to be
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Fig. 8 Visualization of expression patterns of SMT2 promoter: GUS
fusions. a has panels A—C that represent 3-day-old light-grown, and
D-F which represent the corresponding etiolated seedlings, of G1
(SMT2-1p:GUS), G2 (SMT2-2p:GUS) and wild-type plants. G denotes
seedlings with constitutive 35S promoter driven GUS expression.
H shows the close up of the cotyledon GUS expression showing
prominent expression in the guard cells of the stomata. b contains panels
I-P, which depicts GUS expression analysis of older seedlings and
reproductive stage plants. /-L represents G1 and M—P shows G2

™ [

(0)

transgenic Arabidopsis plants.  and M: 7-day-old seedling; J and N:
14-day-old seedlings; K and O: flower; L and P; pods. ¢ with the panels
O-W shows the analysis of auxin response and dehydration of G2
seedlings. Q to T demonstrates the results of auxin treatment on GUS
expression in the roots of G2 plants. O and S denote the seedling and root
regions of water control plants and R and T represents the corresponding
auxin treated samples. U represents the control and V and W denote
plants subjected to dehydration stress or 3 and 5 h, respectively
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Fig. 8 continued

responsible for the high level of expression of this gene in
seed tissues, as observed in our previous studies (Table 1;
Supplementary Fig. 2). The observed auxin inducibility in
SMT2-2: GUS plants indicate a functional auxin response
element as predicted in silico. The fact that SMT2-2
directed GUS expression was detected in guard cells is also
significant, since recent studies on the drought hypersen-
sitive/squalene epoxidase mutant dry2/sqel-5, indicate a
crucial role of sterols in the proper localization of NADPH
oxidase protein in membranes (that are required for the
efficient production of reactive oxygen species), in ABA
mediated stomatal response characteristics, root growth,
and in drought tolerance (Posé et al. 2009). The histo-
chemical analysis of reporter expression in SMT2-2: GUS
plants under dehydration also indicates spatial and differ-
ential transcriptional regulation, consistent with our data on
soybean transcript studies.

In conclusion, our study has demonstrated the in planta
functionality of soybean SMT2 genes, the expression fea-
tures with respect to environmental stimuli, and the utility
of combinatorial engineering of sterol biosynthetic path-
way for improved beneficial C24-ethyl sterol end-products.
We surmise that the upstream sequences of soybean SMT2
genes offer an opportunity towards a more precise study of
sterol homeostasis in different environmental conditions
and developmental stages. Future research on analysis of
functional cis-elements and corresponding trans acting
factors are bound to shed more light on the regulation of
pathway towards membrane sterols and co-ordination of
the sterol biosynthesis in plants.
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