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ABSTRACT

In this work, a bivalent RNA interference (RNAI) plant-transformation vector was constructed to silence both the
flavanone 3-hydroxylase (F3H) gene and the flavone synthase Il (GmFNSII) gene in soybean (Glycine max). Two
further unit RNAI vectors were constructed for each of these two genes. RNAi-mediated suppression of these genes
effectively regulated flavone and isoflavone production in hairy roots that arose from soybean cotyledons
transformed with Agrobacterium rhizogenes ATCC15834. Notably, the bivalent RNAi vector had a significantly
higher effect for increasing isoflavone production compared with the two unit RNAI vectors. The study highlighted
molecular methods that could be used to enhance isoflavone production in soybean and demonstrated the
challenges associated with such metabolic engineering for the production of plant natural products.

Key words: Bivalent RNA interference, Flavanone 3-hydroxylaBvone synthase Il, Isoflavone biosynthesis,
Soybean

INTRODUCTION In nature, flavonoids are involved in many
biological processes. Plant flavonoids are involved
Flavonoids are secondary metabolites that ar@ defense responses to biotic and abiotic stresses
found throughout the plant kingdom and more thanthocyanins are visible flavonoid pigments that
10,000 flavonoids have been described to-datgive rise to the red and blue colors of certair rip
(Tahara 2007). All flavonoids are synthesizedruits and these pigments attract frugivores that
from two basic metabolites, malonyl-CoA and p-can help disperse seeds (Wilson and Whelan
coumaroyl-CoA at a ratio of 3:1 to 15-carbon1990). Flavones are important for protecting
skeletons. The derived chalcone intermediateggainst ultraviolet light, regulating auxin trangpo
comprise two phenolic groups that are connecteand controlling flower color (Harborne and
by an open three-carbon bridge. That linkage i®Viliams 2000). Isoflavones, the most abundant
part of an additional heterocyclic six-member ringlavonoids in soybean3ycine max), play diverse
that involves one of the phenolic groups on theoles in plant—-microbe interactions (Ferguson et al
adjacent ring. Based on the structure of theirdoasP010). For example, isoflavones function as
chalcone skeleton, various classes of flavonoidgreformed antibiotics, and they act as precursors
can be synthesized, including flavanonesfor the pterocarpan phytoalexins (Ebel 1986;
isoflavones, flavanols, anthocyanins, flavonols an®Rivera-Vargas et al. 1993). Isoflavones also
flavones (Kim et al. 2008; Fowler and Koffasfunction as signaling molecules for the induction
2009). of microbial genes involved in the infection and
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symbiosis between soybean aBdadyrhizobium (Wu and Chappell 2008). In soybean, the
japonicum (Dixon and Sumner 2003; Fergusonisoflavones daidzein |, genistein Il and glycitein
and Mathesius 2003). Furthermore, they havél are synthesized via the phenylpropanoid
direct but complex effects on human nutrition angpathway and these compounds are stored in the
health; they can reduce cholesterol levels andacuole as glucosyl- and malonyl-glucose
prevent certain cancers (Weisshaar and Jenkinsbnjugates (Graham 1991). Genistein I,
1998; Lee et al. 2005; Kim et al. 2006; Kim anddihydroflavonol, and apigenin are produced from
Lee 2007). Isoflavones are especially important fothe same naringenin substrate via three different
preventing many hormone-dependent cancers afanches (Fig. 1), which are mediated by
these compounds can improve women’s healtisoflavone synthase, flavanone-3-hydroxylase, and
(Beecher 2003). flavone synthase I, respectively. Importantly, the
Metabolic engineering tools have opened up negenes encoding each of these enzymes have been
possibilities for studying the regulation andidentified (Steele et al. 1999; Zabala and Vodkin
accumulation of plant secondary metabolites and005; Jiang et al. 2010). Ralston et al. (2005)
investigating their roles in plant defensesdescribed the RNA interference (RNAI) of
(Subramanian et al. 2005). Successes in enhanciagybean isoflavone synthase genes using the
the production capacities have come from theoybean cotyledon system, and this led to
manipulation of blocks of genes that encodenhanced plant susceptibility t&hytophthore
segments of pathways, over- or under-expressi@ojae in hairy roots. Jiang et al. (2010) suggested
of genes controlling putative rate-limiting steps i that RNAi-mediated suppression of isoflavone
pathways, and the expression of transcriptiosynthase pathway genes could enhance isoflavone
factors that regulate entire metabolic pathwayproduction in soybean.
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involved in flavonoids synthesis and some brancthways. Dotted arrows indicate
multiple steps.
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In this present study, two unit RNAi plant- AACTCGGAACCATGTCAAATC-3) and
transformation vectors were constructed to silenceeverse (5CCGG(TCTAGA/CTCGAG)
the flavanone 3-hydroxylase gere3H) and the GTTTACGCAAACTATTGAACCT-3)  primer
flavone synthase Il gen&MFNSI) in soybean. In sequences contained two different sets of
addition, a bivalent RNAI vector was constructedestriction sites (Table 2). The PCR products were
for both of these genes. cloned into the pHANNIBAL vector in opposing
orientations on either side of a PDK intron to
create an invert repeat driven by the cauliflower
MATERIALSAND METHODS mosaic virus (CaMV) 35S promoter (Wesley et al.
. 2001). Then, thislGmFNSII RNAI construct was
Cloning full-length cDNAs of GMFNSII and  ¢|5neq into the pCAMBIA3300 plant expression
F3H vector (http://www.cambia.org/
GmFNSII - and F3H CcDNA sequences were yaisy/cambia/home.html), which included the 35S:

identified from the SoyBasé&>. max genomic AR fragment and was digested wigac I/Pst I.
database (http:/soybase.org/Sequencelntro.phpyy,q newly construct was named p3300-
To obtain the full-length cDNAs foGmFNS -2 GmENSIII.

(GenBank:  GU568028) and-3H (GenBank: (An RNAi vector was consructed for silencing the
AF198451), total RNA was isolated from the leafggy yranscripts. A 303-bp coding region located
tissues of field-grown soybean cultivar “Hefengpanveen 694-997 of the3H cDNA sequence was
47" seedlings using Trizol Reagent (Invitrogen).qajected and amplified by the PCR using pMD18-
First-strand cDNAs were cloned by reversergy 45 the template. The forward -(5TG
transcriptase polymerase chain reaction (RT-PCF%)\TCG AT/GGTACC)TGACCTCA

using the PrimeScript™ 1st Strand cDNA TCTTGGCCT-3 and reverse (5CGG

Synthesis Kit (TaKaRa). These cDNAs were Use@rcTAGA/CTCG AG)TCTCCTTCTCTTATCTT
as templates in the PCR for full-lengBmFNSI| CAGAG-3) primer sequences contained two

andF3H cDNA amplification using the following  ifterent sets of restriction sites (Table 2). The

primers: GmMFNSII-F/R forGmFNSII and F3H-  peR products were cloned into the pHANNIBAL
F/R for F3H (Table 1). The corresponding PCRyactor and then thigaH RNAI construct was

products were cloned into the pMD18-T Vvectorgoneq jnto pCAMBIA3300 as described above
(TaKaRa) and then sequenced. and named p3300-F3Hi.

Table 1 - Primers used in this study.

Table 2 - Restriction sites used in this study.

Pnr;mr Primer sequence (5'-3') Name of Restriction Segu'ence of redtriction site
GMFNSII-F ATGATATCTGAGTCCCTCTTGTTAG S‘Clt;ﬁ f’T‘fC)G AT
GMFNSII-RCTACACTTGAGGAAAAGAGGTGGG  Ypa | TICTAGA
F3H -F CTTGAAGCATTGCATTCTGCTATTT Kpn | GGTAC|C
F3H -R TAAGGTATACATAGATGAGCCAGCT  Xhol CITCGAG
BAR-F TCGAGTCAAATCTCGGTGACGGGCA  Sacl GAGCT|C
BAR-R CTCGAGTCTACCATGAGCCCAGAAC  Pstl CTGCA|C
Actin-F  AACTTCGTGTTGTTTCCGAGGAG Pvu | CGAT|CC

Actin-R CACCAGAGTCCAATACAATACCAG
qRT_FNS-FAGGTCCAGTTAACTCGGAACCAT A bivalent RNAi vector was constructed for
gRT_FNSRGCTTCACACACTAATCGCTTGT silencing theGmFNSII and F3H transcripts. The

GRT_F3H-FATTCATTGTCTCCAGCCATCT F3H RNAI construct in pHANNIBAL and p3300-
GRT_FSH-RTTACTTTGTCGCTGTATTCCTCA GmFNSIli were double digested usifgt | and
Pwu | restriction sites and then tHe3H RNAI
Construction of bivalent RNAI vectors construct was cloned into p3300-GmFNSIIi; this
An RNAI vector was constructed for silencing thewas named p3300-GmFNSIIi-F3Hi. The newly
GmFNSII transcripts. A 322-bp coding region constructed p3300-F3Hi, p3300-GmFNSIli and
located between 897-1218 of BenFNSI cDNA  p3300-GmFNSIIi-F3Hi vectors were inserted into
sequence was selected and amplified by the PCR rhizogenes ATCC15834 for the subsequent
using pMD18-GmFNSII as the template. Theransformation of the soybean cotyledons. The
forward (8-CTG(ATCGAT/GGTACC) pCAMBIA3300 vector served as a control.
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pHANNIBAL, pCAMBIA3300 andA. rhizogenes  with CDPStal chemiluminescent detection
were kindly gifted by Dr Tang (Fudan-SJTU-reagents (Amersham, RPN3690). Hybridization
Nottingham Plant Biotechnology R&D Center).  and stringency washes were performed at 55°C.

Soybean  cotyledon transformation and  Quantitative RT-PCR analysis of GmFNSI| and
southern blotting F3H

Wild-type and transformed strainsAfrhizogenes  Total RNA was isolated separately from each of
were maintained by culturing on yeast extracfifteen transgenic hairy roots that resulted from
peptone (YEP) agar. For the transformed strainsising the wild-type and transformed vectors.
all the media contained 50y mL™ kanamycin. Samples from the hairy roots were treated with
Cultures for plant inoculation were grown Trizol (Invitrogen) and then DNase | to remove
overnight in 10 mL of YEP broth at 28°C. Theany contaminating genomic DNA. First-strand
cells were pelleted by centrifugation at 5,000 xggDNAs were cloned by RT-PCR with a
and 4°C for 10 min. Cell pellets were drainedPrimeScript™ 1st Strand cDNA Synthesis Kit
briefly and gently re-suspended in quarter-strengt{irakaRa). Quantitative real-time (qRT)-PCR was
Murashige aninSkoog medium to a final opticalperformed with SYBR-Green and a 7300 Real-
density of 0.5 at 600 nm before the cotyledormfime PCR System (Applied Biosystems). Initial
tissues were inoculated. transcript concentrations were estimated according
The cotyledon transformations were carried out a® the comparative threshold cycle method (Bovy
follows. Soybean cultivar “Hefeng 47" seeds thatet al. 2002). Transcript abundance of the soybean
had been stored in a cold room were surfacéctin gene (V00450) in each RNA preparation was
sterilized in 70% ethanol for 1 min and then in 10Qused as the internal standard. The PCR primers
mL of 15% Clorox for 30 min, with occasional used were Actin-F and Actin-R forActin,
agitation. Afterward, ten seeds were placed intgRT_FNS-F and qRT_FNS-R f@mFNSI, and
each Petri dish that contained germination mediumgRT_F3H-F and qRT_F3H-R f&13H (Table 1).
(Murashige-Skoog medium with 0.4 mg'L6-

Benzyladenine). Seeds were germinated for 5-7 dlavonoid analysis by high-performance liquid

at 26°C under a 16-h photoperiod. Thenchromatography (HPLC)

cotyledons showing no surface blemishes weré0 evaluate flavonoid composition, 100 mg of
sampled at 0.3 cm away from the petiole end b{fansgenic hairy roots were ground in liquid N
making small, circular (0.4 cm diameter) incisionsand extracted for 2-h with 4 mL of 80% methanol
The cut surfaces of six cotyledons were placed o#sing ultrasonic treatment (100 W). For HPLC,
to 9-cm sterile filter paper in each plate, and thialiquots of each extract were analyzed at 260 nm
formed a wet surface on which the cotyledon®n an Agilent 1100 series HPLC system using a
were exposed to 20uL of A. rhizogenes Venusil MP-C18 column (2.1x150 mm, {m,
suspension. Plates were wrapped in Parafiim anfgela  Technologies, Inc.). Samples were
kept in a Percival incubator at 22°C operating &€parated using a linear gradient of-8%%
12-h photoperiod (Subramanian et al. 2005). methyl alcohol in HPLC-grade water for 30 min at
After transformation for three weeks, genomica flow rate of 1 mL miff. Retention times and UV
DNA (30-60 ng) of hairy roots containing the spectra were compared with authentic standards
wild-type and transformed vectors were cleavetvhere available, and the quantity of each
with Pst | and digested DNA was then fractionatedcompound was calculated by comparison with
on a 1.0% agarose gel, denatured, and transferréindard curves prepared using the authentic
onto nylon positively charged membranescompounds (Sigma-Aldrich, St. Louis, MO). The
(Osmonics). Southern blotting followed theduantuities of the isoflavone aglycones, glucose-
manufacturer's instructions (Amersham). Thetonjugates (daidzin, genistin and glycitin) and
DNA probe (approximately 600 bp), including themalonyl-glucose conjugates were determined for
BAR coding region in pCAMBIA3300 vector, €ach individual isoflavone and summed to give the
which was detected using the primers BAR-F anéotal amounts for daidzein I, genistein Il and
BAR-S (Table 1), was labeled with alkaline glycitein Ill.

phosphatase and the membrane exposed to film
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RESULTS

Construction of the binary RNAI vectors
To determine the roles dmFNSI and F3H in

167

303-bp coding region ofF3H cDNA were

amplified and cloned into the pCAMBIA3300
RNAI binary vector containing 8AR selectable
marker (Fig. 2). After verification by restriction

flavonoid production and in the accumulation ofenzyme digestion and sequencing, the newly

isoflavone in particular, two unit RNAI vectors
and one bivalent RNAI vector were constructed fo
silencing the=3H andGmFNSII genes in soybean.

A 322-bp coding region dBmFNSI cDNA and a

PDK
Intron

Sacl

A KPolyaK bar |-<=353)-|4 P35S

constructed p3300-GmFNSIIi, p3300-F3Hi and
p3300-GmFNSIIi-F3Hi vectors were transformed
successfully into soybean cotyledons bY.
rhizogenes to obtain the hairy roots.
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Figure 2 - T-DNA region of RNAIi vectors. A:
GmFNSIIi—F3Hi.

The RNAI strategy down-regulated GmFNSII
and F3H expression in soybean

After transformation for three weeks, hairy roots
containing the wild-type and transformed vectors
were identified by southern blotting and
transformed lines carrying thBAR gene were
selected (Fig. 3). To investigate the effect of the
new constructionsGmFNS1 and F3H expression
levels were analyzed by gRT-PCR. Total RNA
was extracted from the transgenic hairy roots an
reverse-transcribed to cDNAs. As expected
GmFNSI and F3H RNAI transgenic hairy roots
showed significant reductions (to <10%) in
GMFNSII and F3H expression (Fig. 4). At the
same time, in the unit RNAI transgenic hairy roots
expression ofGmFNS| in F3H RNAI transgenic
hairy roots and expression &3H in GmFNSI
RNAI roots showed significant addition, especially
for GmMFNSI (about a two-fold increase compared
with the control).
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Figure 3 - Southern blotting analysis of transformed
hairy roots. Cl: Plasmid DNA of
pCAMBIA3300, C2: DNA from non-
transformed plant root, 1-5: DNA from
hairy roots.
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QP3300 to give the total isoflavone level@mFNS | RNAI
roots and=3H RNAI roots had significantly higher
levels of total isoflavones (1.3- and 1.9-fold,
respectively). The bivalent RNAi vector was
significantly more effective for increasing
isoflavone production in the roots than the two
unit RNAI vectors and total isoflavone levels were
two-fold higher than the control roots.
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Figure 4 - RNAi-mediated silencing. gRT-PCR
analysis showed significant regulation of
GmFNSII and F3H expression in transgenic
hairy roots.
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Silencing of GmFNSII and F3H caused high

levels of isoflavone accumulation Figure 5 - HPLC analysis of flavonoid content in
Single hairy roots of independent positive transformed hairy roots. Mean levels of
transformation events were analyzed by HPLC to individual isoflavones and total isoflavone
determine the effects of silencing on the levels  varied between 15 individual

transgenic hairy roots. Daidzein |,
genistein 1l and glycitein Il levels were
summed to give the total isoflavone level.

production profiles of root flavones and

isoflavones. Mean levels of individual isoflavones
and total isoflavone levels varied between the 15
individual transgenic hairy roots. The isoflavone
component profile of a control transformant

(transformed with just the pCAMBIA3300 vector) DISCUSSION

shO\_/ved that da!dzelr_1 | was the_ most abu_nda_nt ?—flavonoids are major secondary plant metabolites
the isoflavones in hairy roots (Fig. 5). Genistiin that mediate diverse biological functions in

was generally the next abundant component, while : : .
I essential physiological processes and exert
glycitein 1l was found at lowest levels.

Since genistein II, dihydroflavonol and apigeninS'gmﬂcant ecological impacts (Fowler and Koffas

: . 2009). Many flavonoids are used as nutrients,
are all produced from the same naringenin | fl f d dici
substrate, silencing any of the encoding geneCo orants, flavors, fragrances and medicines

’ ewman and Cragg 2007, Wu and Chappell

should lead to increased accumulation of the oth . ; :
two compounds. As expected, >90% of the 008). Metabolic engineering of the plants for the

: A roduction of natural products can help alleviate

GmENS RNA' _roots had_ significantly lower phe demands for Iiﬁnited natural Fr)esources.
:Si\iﬁlihgf (i)pr:?ri?l:]oc()irs]e Srr:)?#c;r ;lf\{r?gse)) frc;::gaéﬁi uccesses in enhancing isoflavone biosynthesis
: ISQer E)roduction in soybean include the manipulation of

roots had undetectable levels of apigenin

indicating effective silencing. At the same time,the blocks of genes that encode segments of

S . athways, up- and down-regulation of putative
genistein was fqund at markedly higher Igvels. h ate-limiting steps in pathways, and the expression
complete opposite result was observed inR8e

; i i o of transcription factors that regulate entire
RNAI roots, which contained significantly greate.rmetabolic pathways (Yu et al. 2003; Subramanian

levels of apigenin and genistein (Fig. 5). Daidzelr}et al. 2005: Lozovaya et al. 2007: Jiang et al
I, genistein Il and glycitein Il levels were sumtne 2010') ' : , .
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In this present study, RNAi-mediated suppressioiNational Fund on “Breeding of New Cultivars”
of GmFNSI or/and F3H in the hairy roots of (20112X08004-003), Ministry of Education Fund
soybean that arose from cotyledons transformeon New Staff (20100073120059), and the
with A. rhizogenes was tested to define the roles of Shanghai Horticulture Key Discipline
these genes in the accumulation of flavones an@onstruction Fund (B209).

isoflavones. qRT-PCR data showed significant
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