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Flavones are important copigments found in the flowers of many higher plants and play a variety of roles in plant adaptation
to stress. In Medicago species, flavones also act as signal molecules during symbiotic interaction with the diazotropic bacterium
Sinorhizobium meliloti. They are the most potent nod gene inducers found in root exudates. However, flavone synthase II (FNS
II), the key enzyme responsible for flavone biosynthesis, has not been characterized in Medicago species. We cloned two FNS II
genes from Medicago truncatula using known FNS II sequences from other species and named them MtFNSII-1 and MtFNSII-2.
Functional assays in yeast (Saccharomyces cerevisine) suggested that the catalytic mechanisms of both cytochrome P450
monooxygenases were similar to the other known legume FNS II from licorice (Glycyrrhiza echinata). MtFNSII converted
flavanones to 2-hydroxyflavanones instead of flavones whereas FNS II from the nonlegume Gerbera hybrida, converted
flavanones to flavones directly. The two MtFNSII genes had distinct tissue-specific expression patterns. MtFNSII-1 was highly
expressed in roots and seeds whereas MtFNSII-2 was highly expressed in flowers and siliques. In addition, MtFNSII-2 was
inducible by S. meliloti and methyl jasmonate treatment, whereas MtFNSII-1 was not. Histochemical staining of transgenic
hairy roots carrying the promoter-reporter constructs indicated that the MtFNSII-2 induction was tissue specific, mostly
localized to vascular tissues and root hairs. RNA interference-mediated suppression of MtFENSII genes resulted in flavone
depleted roots and led to significantly reduced nodulation when inoculated with S. meliloti. Our results provide genetic

evidence supporting that flavones are important for nodulation in M. truncatula.

Flavones are a group of phenolic secondary metab-
olites found in many higher plants. They are members
of the diverse class of compounds collectively termed
flavonoids. Flavones function as copigments in flow-
ers, as antioxidants to protect plants from UV damage,
and as phytoalexins with antimicrobial potentials (Dixon,
1986; Schmelzer et al., 1988; Yu et al., 2006). Flavones
also play a role as signal molecules during the estab-
lishment of symbiosis between legumes and nitrogen-
fixing rhizobia. Legumes secrete various flavonoid
compounds into the rhizosphere as signal molecules.
Specific flavonoids are recognized by NodD receptors
on the cell surface of compatible rhizobial bacteria.
This recognition induces the expression of nod genes
responsible for the biosynthesis of Nod factors, a group
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of chitooligosaccharides that serve as the rhizobial
signal molecules. When recognized by the plant roots,
the Nod factors induce a set of morphological changes
in roots that culminate in the formation of nitrogen-
fixing nodules (Dakora et al., 1993).

The types of flavonoid secreted by the legume and
the ability of the rhizobia’s NodD receptor to recognize
it are critical in determining host specificity (Honma
et al,, 1990). Plants of the genus Medicago are com-
monly colonized by the symbiotic partner Sinorhizobium
meliloti (Hirsch et al., 2001). It was reported that the
flavone luteolin from seed extracts of Medicago can
specifically induce nod gene expression in S. meliloti
(Peters et al., 1986). Since then, more detailed analysis
has revealed that luteolin, apigenin, 7,4'-dihydroxfla-
vone, and 4,4’-dihydroxy 2'-methoxy-chalcone are the
most potent inducers of S. meliloti nod genes (Kapulnik
et al., 1987; Orgambide et al., 1994). Of these com-
pounds, only the 5-deoxy flavones have been iden-
tified in Medicago roots so far (Phillips et al., 1993;
Coronado et al., 1995). In root exudates of Medicago,
74’'-dihydroxflavone has been shown to accumulate
under nitrogen starved conditions and hence is thought
to be the physiologically important nod gene inducer
(Zuanazzi et al., 1998). Despite flavones playing many
important roles in Medicago, the key enzyme for their
biosynthesis has not yet been characterized in these
species and the function of flavones has not been
studied using a genetic approach.

Flavones are produced through a branch of the
phenylpropanoid pathway in all higher plants. The
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Figure 1. Partial diagram showing the flavone biosynthetic pathway.
GhFNSII (CYP93B2) converts flavanones to flavones directly whereas
MtENSII produces a 2-hydroxyflavanone intermediate. The numbering
schemes of carbon atoms are marked on the structures. The R group is
either H or OH. When R = H (OH), the common names are lig-
uiritigenin (naringenin), 2-hydroxyliquiritigenin (2-hydroxynaringenin),
and 7,4’-dihydroxyflavone (apigenin), respectively. For isoflavones,
only 5-deoxyisoflavonoids are shown.

key enzyme responsible for the biosynthesis of fla-
vones is flavone synthase (FNS) and it converts flava-
none substrates to flavones by introducing a double
bond between C2 and C3 (Fig. 1). Enzymatic studies in
Petroselinium crispum and Antirrhinum majus revealed
the presence of two different enzyme systems for this
reaction (Britsch et al., 1981). In Petroselinium, a soluble
2-oxoglutarate-dependent dioxygenase (FNS I) cata-
lyzed this reaction; whereas an NADPH-dependent
cytochrome P450 monooxygenase (FNS II) was re-
sponsible in Antirrhinum. Both enzymes can convert
naringenin to apigenin and eriodoctyol to luteolin.
FNS I has so far been identified only in members of the
Apiaceae family (Martens et al., 2001); FNS II, however,
is widespread (Martens and Mithofer, 2005).
Different catalytic mechanisms have been proposed
for FNSIand FNSIIL. It was initially suspected that both
enzymes add a hydroxyl group at the C2 first, followed
by a dehydration reaction (Kochs et al., 1987). Interest-
ingly, ENS II genes cloned from different species and
expressed in heterologous systems showed two distinct
types of activities. FNS Il enzymes identified in species
such as Gerbera hybrida, A. majus, and Torrentia, are
thought to have a similar reaction mechanism as FNS I
where the double bond is introduced by the abstraction
of two vicinal hydrogen atoms in a radical-type mech-
anism. Heterologous expression of a licorice (Glycyr-
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rhiza echinata) ENS 1l in yeast (Saccharomyces cerevisiae)
and insect cells suggested that a 2-hydroxyflavanone
intermediate is formed (Akashi et al., 1999), supporting
the initial hypothesis. But no evidence exists for the
enzymatic conversion of the intermediate into a fla-
vone. In contrast, FNS II cloned from G. hydrida and
other nonlegume species demonstrate a direct conver-
sion to flavones without 2-hydroxyflavanone interme-
diates (Martens and Forkmann, 1999).

Here we report the cloning and functional charac-
terization of two FNS I homologs from M. truncatula.
We also provide genetic evidence for the important
role of flavones in Medicago nodulation. Our results
suggest that both MtFNSII enzymes have a catalytic
mechanism similar to the other known legume FNS II
from licorice. In addition, MtFNSII-1 (CYP90B10) and
MtENSII-2 (CYP90B11) have distinct tissue-specific
expression patterns. Only MtFNSII-2 can be induced
by S. meliloti and methyl jasmonate (MeJA) treatments,
especially in the roots. RNAi-mediated suppression of
MtENSII led to significant reduction in nodule num-
bers, demonstrating that flavones are important for
nodulation in M. truncatula.

RESULTS

Two Putative FNS II Genes Were Identified in the
M. truncatula Genome

The Institute for Genomic Research (TIGR) M.
truncatula EST database was BLAST searched using
two known FNS II sequences from licorice GeFNSII
(CYP93B1; Akashi et al., 1999) and G. hybrida GhFNSII
(CYP93B2; Martens and Forkmann, 1999). Among the
resulting matches with a complete open reading frame
(ORF), a tentative contig (TC103414) with 79% homol-
ogy to GeFNSII and 57% homology to GhFNSII was
identified and chosen for further characterization.
None of the other matching EST sequences had a sig-
nificant homology to GeFNSII or GhFNSII. TC103414
had been annotated as a putative protein and included
an ORF and a partial 3" untranslated region. When the
deduced amino acid sequence of TC103414 was com-
pared to those of GeFNSII and GhFNSII, TC103414
appeared to be truncated at the N terminus, missing
approximately 185 amino acids (data not shown), sug-
gesting that it was an incomplete contig. MegaBLAST
searches (Zhang et al., 2000) using this sequence
against M. truncatula genomic sequence database (Na-
tional Center for Biotechnology Information, http://
www.ncbi.nlm.nih.gov/) resulted in the identification
of the full-length genomic sequences of two putative
FNSs that we designated as MtENSII-1 (CYP93B10)
and MtENSII-2 (CYP93B11).

MIFNSII-1 and MtENSII-2 had 98% identity at the
amino acid level. The ORF regions between MtFNSII-1
and MtFNSII-2 shared 97% identity at the nucleic
acid level. In contrast, the intron sequence structures
were very divergent. MtFNSII-1 had one putative
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617-bp-long intron as determined by sequence align-
ment against genomic sequence, while MtFNSII-2 had
two introns of 70 and 591 bp length (Fig. 2).

Full-length cDNAs of MtENSII-1 and MtFNSII-2
were cloned by reverse transcription (RT)-PCR from
RNA of M. truncatula seedlings. Sequence analysis of
MtENSII-1 and MtFNSII-2 ¢cDNAs revealed 77% and
78% identities, respectively, with GeFNSII. Both of
them had 62% identities with GhFNSII. The deduced
amino acid sequence of MtFNSII-1 shared 77% and
55% identity with GeFNSII and GhFNGSII, respectively.
MtENSII-2 shared 78% identity with GeFNSII and 54%
identity with GhENSIIL. There were 11 amino acids
different between the sequences of MtFNSII-1 and
MtENSII-2 coding regions. High identity at amino acid
level between MtFNSII-1 and MtFNSII-2 suggested
that both were most likely cytochrome P450s of M.
truncatula that function as FNSs, while different intron
pattern represented that they were different FNS II
genes. The deduced amino acid sequences of MtENSII
genes were aligned to CYP93B1 (licorice, AB001380),
CYP93B2 (G. hybrida, AF156976), CYP93B3 (A. majus,
AB028151), CYP93B4 (Torrentia hybrida, AB028152),
CYP93B5 (Callistephus chinensis, AF188612), CYP93B6
(Perilla frutescens var. crispa, AB045592), CYP93B9v1
(Verbena x hybrida, AB234903), CYP93B12 (M. trunca-
tula, DQ335809), and CYP93B13 (Gentiana triflora,
AB193314). Of the sequences compared, MtFNSII-1
and MtFNSII-2 were most homologous to GeFNSII
(Fig. 3). The comparison among CYP93B1, MtENSII-1
(CYP93B10), and MtENSII-2 (CYP93B11) showed that
both of them had the conserved function motifs of
P450 (data not shown).

In Vivo Yeast Expression Assays Showed That
MUtFNSII-1 and MtFNSII-2 Are Functional FNSs

Functional assays of ENS II activity were performed
by testing the ability of yeast cells expressing MtFNSII
to convert flavanones into flavones. Vectors pESC-HIS-
MtENSII-1, pESC-HIS-MtENSII-2, pYES2-GhENSII (see
“Materials and Methods”) as a positive control, and
the pESC-HIS and pYES2 vectors as negative controls,
were transformed into WAT11 yeast cells indepen-
dently. The WAT11 strain contains an Arabidopsis
(Arabidopsis thaliana) cytochrome P450:NADPH reduc-
tase (Urban et al., 1997), which provides the reducing
equivalents essential for the activity of plant cyto-
chrome P450s such as FNS II.

Yeast cells expressing GhFINSII were able to metab-
olize naringenin to apigenin as well as liquiritigenin, a
legume-specific flavanone to 7,4'-dihydroxyflavone as
previously reported by Martens and Forkmann (1999).
The cells expressing MtFNSII-1 and MtFNSII-2 also
converted naringenin to apigenin (Fig. 4) and liquir-
itigenin to 7,4'-dihydroxyflavone (Supplemental Fig.
51), respectively. The control yeast cells carrying the
empty vectors did not produce any apigenin (Fig. 4) or
7,4'-dihydroxyflavone (Supplemental Fig. S1). The
identities of apigenin and 7,4’-dihydroxyflavone pro-
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duced by the expressing yeast cells of MtFNSII-1,
MtENSII-2, and GhENSII, respectively, were confirmed
by comparison of UV absorption spectra and by liquid
chromatography (LC)-mass spectrometry (MS) analy-
sis (data not shown). This suggested that both
MIENSII-1 and MtFNSII-2 are indeed functional FNSs.

MtFNSII-1 and MtFNSII-2 Converted Flavanone
Substrates to 2-Hydroxyflavanones

While yeast cells expressing MtFNSII-1, MtENSII-2,
or GhFNSII showed the production of apigenin from
naringenin, an unknown peak was observed in addi-
tion to apigenin in extracts from yeast cells expressing
MFNSII-1 and MtENSII-2 (Fig. 4), but not those ex-
pressing GhENSII. Similarly, when fed with liquiriti-
genin, yeast cells expressing MtFNSII-1 and MtFNSII-2
produced an unknown peak partially overlapping
with 7,4’-dihydroxyflavone, which was not seen in
extracts from cells expressing GhFNSII (Supplemental
Fig. S1). These unknown peaks had UV-absorption
spectra similar to their respective substrates, naringe-
nin (Fig. 5, A and B) and liquiritigenin (data not
shown). The peaks were isolated by fractionation from
HPLC and subjected to LC-MS analysis. The narigenin
derived product had a molecular ion with a mass-to-
charge ratio (m/z") of 289, compared to naringenin’s
molecular ion of m/z" 273 (Fig. 5, C and D), indicating
that the unknown product could be a hydroxyl deriva-
tive of naringenin. We hypothesized that the unknown
product was 2-hydroxy-naringenin, the catalytic prod-
uct of GeFNSII (CPY93B1) using naringenin as
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Figure 2. Structural diagram of MtFNSII-1 and MtFNSII-2 genes. The
top drawing shows promoter and gene structure of MtFNSII-1. An
887-bp exon and a 676-bp exon are separated by one 617-bp intron. The
bottom part shows the structure of MtFNSII-2 promoter and gene. Exons
1 to 3 are split by two introns. The length of the gene is in base pairs as
shown in the size bar. The locations of various putative cis-elements of
interests in promoter sequence, as identified using the PLACE database
signal scan search (Higo et al., 1999), have been indicated. White box
with dots represents exon; white box with dark upward diagonal lines is
intron; white box is WRKY transcription factor binding motif; gray box is
MYB transcription factor binding motifs; and black box is TATA box.
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Figure 3. Phylogenetic comparison of deduced amino acid sequences
of select FNS Il-like genes from higher plants and green algae. FNS lIs
were grouped into families based on sequence homology and substrate
specificity. The FNS Il sequences and corresponding GenBank acces-
sion numbers represented in this figure are as follows: CYP93B1
(licorice, ABO01380), CYP93B2 (G. hybrida, AF156976), CYP93B3 (A.
majus, AB028151), CYP93B4 (T. hybrida, AB028152), CYP93B5 (C.
chinensis, AF188612), CYP93B6 (P. frutescens var. crispa, AB045592),
CYP93B9v1 (V. hybrida, AB234903), CYP93B12 (M. truncatula,
DQ335809), and CYP93B13 (G. triflora, AB193314). Of the sequences
identified, MtFNSII-1 (CYP93B10) and MtFNSII-2 (CYP93B11) were
most homologous to GeFNSII (CYP93B1) with 77% and 78% identity,
respectively. Shaded ovals signify subfamily groupings.

substrate (Akashi et al., 1998). The Ina]or MS fragmen-
tation products of naringenin were m/z"* 153 and 147,
which could only be derived from fragmentation at
sites a and b (Fig. 5E), as well as ¢ and d, respectively
(Fig. 5E). In contrast, the unknown peak showed
predomlnant fragmented ions of m/z" 153 and 121.
The m/z"* 153 ion could be derived from fragmentation
at either a and b or b and ¢ of 2-hydroxy-naringenin
(Fig. 5F). The m/z" 121 ion could be derived from
fragmentation at either a and d, or a and e (Fig. 5F).
This observation strongly suggested that the mo-
lecular structure of the unknown peak was that of
2-hydroxy-naringenin.

The mass spectrum of liquiritigenin-derived pro-
duct showed an m/z" of 273 compared to liquiritige-
nin’s molecular ion of m/z" 256. The major MS
fragmentatlon products of liquiritigenin were of m/
z* 137 and 119, which could only be derived from
fragmentation at sites a and b (Supplemental Fig. S2A).
In contrast, the product of unknown peak showed
predomlnant molecular ion of m/z" 137 and 121. The
m/z" 137 ion could be derived from fragmentation
between a and b of a 2-hydroxy- hqulrltlgenln (Sup-
plemental Fig. 2B) while the m/z" 121 ion could be
derived from fragmentation at sites b and ¢ (Supple-
mental Fig. S2B). This observation suggested that the
molecular structure of the unknown product was that
of 2-hydroxy-liquiritigenin. In fact, all the most abun-
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dant MS fragment ions, four each from the unknown
products derived from naringenin and liquiritigenin
by MtFNSII-1 and MtFNSII-2 could be fit perfectly into
2-hydroxy-flavanone structures (Fig. 5; Supplemental
Fig. S2; analysis not shown), leading to the conclusion
that the unknown peaks are 2-hydroxyflavanones.
This suggested that the reaction mechanisms of both
M. truncatula FNSs were very similar to that of the
other legume ENS II reported from GeFNSII (Akashi
et al., 1999).

We attempted in vitro assays using microsome prep-
arations from yeast cells expressing the recombinant
MtENSII-1. When these microsomes were incubated
with naringenin and the NADPH cofactor, the pro-
duction of 2-hydroxy-naringenin could be detected in
just 1 h (Supplemental Fig. S3) and continued to in-
crease upon longer incubation up to 4 h. However,
apigenin could be hardly detected even after 8 h in our
in vitro assays (Supplemental Fig. S3). Similar results
were observed when liquiritigenin was used as the
substrate (data not shown). Apigenin production was
observed in in vivo yeast assays but not in in vitro
assays using yeast microsomes. Again, this suggested
that MtFNSIIs converted flavanones into 2-hydroxy-
flavanones and an unknown yeast enzyme could be
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Figure 4. Reversed-phase HPLC profiles of extracts from yeast cells
expressing GhFNSII, MtFNSII-T, or MtFNSII-2. Partial HPLC chromat-
ograms show the production of apigenin (Api) from naringenin (Nar) by
GhFNSII, MtENSII-1, and MtFNSII-2. Yeast cells expressing MtFNSII-1
or MtFNSII-2 produce an unknown peak (Unknown; Rt = 12.35 min)
not seen in GhFNSII reactions.
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responsible for the conversion to the final product
flavones in vivo.

MFNSII-1 and MtFNSII-2 Have Distinct
Tissue-Specific Expression Patterns

To investigate the biological functions of MtFNSII-1
and MtFNSII-2, gene expression patterns of both
MtENSII genes in various organs were analyzed by
real-time quantitative (Q)RT-PCR. Total RNA was
extracted from the roots, shoots, flowers, leaves, and
siliques of M. truncatula and reverse transcribed to
cDNAs. Transcript levels of both genes in these prep-
arations were normalized against those of a ubiquitin
gene (TC100151) in each tissue. MtFNSII-1 was highly
expressed in roots (Fig. 6). This was consistent with the
roles of flavones in microbial symbiosis in the roots.
MtENSII-1 was also expressed at relatively high levels
in other tissues, which might be explained by their
roles as UV protectant, defensive phytoalexin, and/or
copigments in the flowers. The transcript levels of
MtENSII-2 were higher in flowers and siliques than in
stems and leaves, while in roots MtFNSII-2 transcripts
were hardly detectable (Fig. 6).

We further tested the effects of nodulation and
defense signals on the expression of both M. truncatula
FNS genes. Transcript levels of both genes were
assayed in RNA preparations from M. truncatula seed-
lings treated with S. meliloti and MeJA. In response to
those two different treatments, the transcript levels of
MtENSII-1 were not significantly altered (Supplemen-
tal Fig. 54), while MtFNSII-2 was obviously induced
by S. meliloti (Supplemental Fig. S4) and MeJA, re-
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spectively (data not shown). It suggested that the
normal levels of root flavones could be increased by
induced expression of MtFNSII-2, in addition to the
constant levels of MtFENSII-1.

The Promoters from the Two MtFNSII Genes Have
Different Expression Patterns in Transgenic Hairy Roots

Since flavones have been suggested to be important
signal molecules during M. truncatula-Sinorhizobium
interactions, the expression pattern of both MtFNSIIs
in the roots were examined in more detail. The 5’
upstream elements of the MtFNSII-1 (approximately
1.5 kb) and MtENSII-2 (approximately 1.9 kb) genes
were cloned by PCR based on M. truncatula genomic
sequences obtained from genome sequencing projects.
The putative cis-elements of interest were identified
using the PLACE software (Higo et al., 1999; http://
www.dna.affrc.go.jp/htdocs/PLACE/) and indicated
in Figure 2. Both promoters contained a putative TATA
box (—80 bp in MtENSII-1 and —117 bp in MtENSII-2)
upstream of the start codon, and putative binding
motifs of MYB and WRKY transcription factors (Fig. 2).

A bacterial uidA (GUS) reporter cassette was placed
under the control of these MtFNSII promoters and
their tissue-specific expression patterns were exam-
ined in transgenic hairy roots composite plants by
histochemical staining. GUS staining of 21-d-old roots
showed that the MtFNSII-1 promoter was active
throughout the length of the root. In cross sections of
the root, the highest GUS accumulation was seen in the
vascular tissues (Fig. 7A) and obvious root hair ex-
pression was also detected, which was consistent with

Figure 5. LC-MS analysis confirms the
identity of unknown peak produced from
narigenin as 2-hydroxynaringenin. UV-
absorption spectra of naringenin (A) and
the unknown peak (B) produced by
MtFNSII are very similar. Upon LC-MS
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analysis, naringenin produced a molecu-
lar ion of m/z*" 273 and product ions m/z*
153 and m/z" 147 (C), whereas the un-
known product produced a molecular ion
of m/z* 289 and product ions of m/z* 153,
m/z* 121, and m/z" 163. Proposed sites of
fragmentation indicated on the structure
diagrams of naringenin (E) and the un-
known product (F) indicate that the un-
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known product is 2-hydroxynaringenin.

Naringenine fragment pattern
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Figure 6. Real-time RT-PCR analyses of MtFNSII-1 (CYP93B10) and
MtFNSII-2 (CYP93B11) expression in different tissues of M. truncatula.
Transcript levels were estimated using the relative C, value method
and normalized to that of M. truncatula Ubi gene. Error bars indicate
the range of possible value based on sp of replicate C, values. Data
presented are representative of at least two independent experiments.

the presence of flavones in root exudates. While in
the transgenic hairy roots using transformation of
MtENSII-2 promoter-GUS, the GUS gene expression
was very weak and hardly detectable (Fig. 7D), which
was consistent with the QRT-PCR results as shown
above.

Figure 7. Tissue-specific distribution of
MtFENSII-1 promoter-GUS and MtFNSII-2
promoter-GUS  activities in transgenic
hairy roots. MtFNSII-1 promoter is acti-
vated throughout the roots (A), while
MtFNSII-2 promoter-GUS gene expression
is very weak and hardly detected (D). The
superficial GUS expression pattern of
MtFNSII-1 promoter is not significantly

altered with 8 h postinoculation with S.
meliloti (B) and 6 h postinoculation with
100 um MeJA (C). However, treatments
with S. meliloti for 8 h (E) and MeJA for 6 h
(F) induce a significant increase in expres-
sion of MtFNSII-2 promoter-GUS. Repre-
sentative cross section of a transgenic hairy
root at the corner showing GUS activity
suggests that the increase in MtFNSII-2
promoter-GUS activity in the different sec-
tions seems to be due to a total increase in
transcript levels. GUS activities are ob-
served in the nodules on the transgenic
hairy roots with transformation of MtFNSII-1
promoter-GUS (G and H) and MtFNSII-2
promoter-GUS (I and J). Scale bars in
whole roots are T mm; in cross section
of the roots are 100 um; in G and | are
200 wm; H and J are 150 um. CT, Nodule
central tissue; RC, root cortex; NE, nodule
epidermis.
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The transgenic composite plants were treated with
S. meliloti for 6 h and MeJA for 8 h and the effect on
MtENSII-1 promoter-GUS and MtENSII-2 promoter-
GUS expression was examined. The expression pattern
of MtFNSII-1 promoter-GUS expression pattern was
not significantly altered among control and different
treatments. In cross sections of the root, there was
no obvious difference in the expression of MtFNSII-1
promoter-GUS among control, 8 h postinoculation with
S. meliloti, or 6 h postinoculation with 100 um MeJ A (Fig.
7, A-C). However, treatments with MeJA and S. meliloti
elevated the expression of MtFNSII-2 promoter-GUS.
An obvious increase in GUS activities in almost all cell
types was observed in the cross sections of the root (Fig.
7, D-F). The increase in MtFNSII-2 promoter-GUS ac-
tivity in different sections correlated with increased
transcript levels as shown by previous RT-PCR data.

We also stained the nodules on the transgenic roots
transformed with MtFNSII-1 promoter-GUS and
MtENSII-2 promoter-GUS. GUS activity was observed
in nodules of both transgenic hairy roots. With stron-
ger expression in the MtFNSII-2 promoter-GUS lines
than that of MtFNSII-1 lines (Fig. 7, G and H versus I
and J). Once again, MtFNSII-2 was more significantly
induced by S. meliloti than MtFNSII-1.
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Silencing of MtFNSII Leads to Reduced
Nodule Numbers

The apparent root hair expressions of MtFNSII-1
and MtENSII-2 induction by S. meliloti in roots seemed
to support the role of flavones as the signal molecules
for symbiotic rhizobia. To obtain genetic evidence for
the role of MtFNSII in nodulation, we took an RNAi
approach to silence the MtFNSII-1 and MtFNSII-2
expressions simultaneously in hairy roots. A 401-bp
coding region with 97% identity between the two
genes was amplified and cloned into an RNAi binary
vector containing a GFP selectable marker. The con-
struct was transformed into M. truncatula by A. rhizo-
genes to obtain hairy root composite plants. These
plants consisted of transgenic hairy roots and untrans-
formed shoot.

We tested the ability of our RNAi construct to si-
lence the expression of MtFNSII genes in the root. As
expected, the MtFNSII RNAIi transgenic roots showed
a significant reduction in MtENSII expression when
assayed by QRT-PCR (Fig. 8A). MtENSII-1 transcripts
were reduced by at least 18-fold. The MtFNSII-2 was
not expressed in the roots and the transcripts were
barely detected after RNAi. The effects of FNS silenc-
ing on root flavonoid profiles were assayed by HPLC
analysis. Our data showed that approximately 90% of
FNS RNAIi roots had significantly lower levels of
dihydroxyflavone, the major root flavone in M. trun-
catula when compared to vector control roots (Fig. 8B).
Some of these transgenic roots had undetectable levels
of dihydroxyflavone, indicating the RNAIi construct
effectively silenced the MtFNSII genes. Formononetin,
a major isoflavone in the roots of M. truncatula showed
a slight reduction as well. We could not detect any
significant amount of the other flavones apigenin or
leuteolin even in the wild type (or nontransgenic) root
extracts.

Composite plants were inoculated with S. meliloti
and the extent of nodulation was analyzed. In MtFNSII
RNAI roots, the average number of nodules per root
was reduced by about 50% when compared with that
of vector control transgenic hairy roots (Fig. 8C). There
was also a significant difference in the nodulation
pattern between RNAi and control roots. The percent-
age of roots with less than five nodules was about 50%
in the vector control roots, whereas it was about 76% in
the MtFNSII RNAi roots. There was no significant
difference in nodule numbers between transgenic
(vector controls) and nontransgenic roots (data not
shown), suggesting that hairy roots can support nod-
ulation equally well. This direct genetic evidence
suggested that flavone biosynthesis is indeed impor-
tant to the nodulation of M. truncatula by S. meliloti.

DISCUSSION

Flavones in plants have multiple functions (Martens
and Mithofer, 2005). In flowers of many plant species,
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flavones are important copigments that alter the color
of anthocyanins. Flavones are also important UV pro-
tectants in the aerial parts of plant. During plant
defense responses, some plants accumulate signifi-
cant amount of flavones as reservoirs of phytoalexins
(Grotewold et al., 1998). Since the discovery that
luteolin can specifically induce nod gene expression
in S. meliloti, flavones have been speculated to play a
major role in legume-rhizobium interactions as well,
especially for the Medicago genus. To better under-
stand these multiple roles of flavones, we identified
two MtFNSII genes, investigated the biochemical prop-
erties of the enzymes, and studied their functions
using gene expression analysis and RNAI silencing.
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Figure 8. A, RNAi-mediated silencing of MtFNSII genes. Real-time RT-
PCR analysis showed reduction of MtFNSII-1 gene and no significant
changes in MtFNSII-2, which was not expressed in roots under normal
conditions. B, RNAi-mediated MtFNSII silencing reduced dihydroxy-
flavone levels in M. truncatula hairy roots. C, Average nodule numbers
per root in vector control (white bars); MtFNSII RNAi (gray bars) roots.
Each data point is the average of at least 50 roots from 18 composite
plants generated from three independent experiments. Error bars show
se of means. “a” indicates significant difference from the respective
vector control, based on Poisson’s distribution analysis (P < 0.05).
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Two mechanisms of catalysis have been reported for
FNS II enzymes. For example, ENS II from the legume
licorice converts flavanones substrates to flavones via
a 2-hydroxyflavanone intermediate, whereas FNS II
from G. hybrida converts flavanones to flavones di-
rectly. Tests with different FNS enzymes showed that
2-hydroxynaringenin did not serve as a substrate for
these enzymes and nor did it competitively inhibit the
use of the flavanone substrate naringenin (Britsch,
1990). We discovered that the catalytic activities of
both the FNS II enzymes from M. truncatula were
similar to licorice FNS II in that they produced the
intermediate, 2-hydroxyflavanone in yeast assays. It is
not known why two different mechanisms exist. In
licorice, 2-hydroxyflavanones are used as a substrate
in the formation of the primary phytoalexin com-
pound licodione (Akashi et al., 1999). Hence, it might
have evolved to produce 2-hydroxyflavanones as an
intermediate to be channeled to flavone or licodione
biosynthesis. It is not known if M. truncatula produces
any 2-hydroxyflavanones or their derivatives (other
than flavones). However, there are several nonlegume
plant species that produce 2-hydroxyflavanones de-
rivatives (Grotewold et al.,, 1998), but biosynthetic
enzymes from those species have not been character-
ized in detail. For example, maize (Zea mays) produces
isovitexin, isoorientin, and isoscoparin, which are
2-hydroxyflavanone derivatives (Grotewold et al.,
1998). In addition, species such as Collinsonia candensis,
buckwheat (Fagopyrum esculentum), and Mosla soocho-
nensis also produce 2-hydroxyflavanone derivatives. It
will be interesting to characterize FNS Il enzymes from
these species to test their reaction mechanisms.

What is the possibility of the second mechanism
being legume specific? Based on the deduced amino
acid sequences of MtFNSIIs, only CYP93B1 (from lico-
rice) was selected from TIGR Gene Indices using
BLAST (Altschul et al., 1990). MtENSIIs with CYP93B1
formed a distinct phylogeny branch with a much
higher homology between each other, compared to
nonlegume FNS II genes. They had a set of conserved
amino acid that was not conserved in nonlegume FNS
II enzymes. For example, Cys 98, Cys 276, and Cys 373
in legume FNS II genes corresponded to Ser, Val, and
Ser, respectively, in nonlegume genes. These changes
may eventually lead to different enzyme activity.

The expression patterns of the two MtFNSIIs were
very different. Under normal conditions, MtFNSII-1
was expressed in all tissues, while MtFNSII-2 was
predominantly expressed in the aerial part of the plants,
especially in flowers. The expression pattern of these
enzymes was consistent with the role of flavones in UV
protection (in flowers) and symbiont chemoattraction
(in roots). However, when M. truncatula seedlings
were subjected to a defense signal (MeJA treatment)
or a symbiotic signal (S. meliloti treatment), the nor-
mally quiescent MtENSII-2 was highly induced in the
roots. Both QRT-PCR assays and promoter-report ex-
pression studies suggested that the plants activated
the MtFNSII-2 gene that was normally expressed in
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other tissues, rather than boosting the constitutively
root-expressed MtFNSII-1. One possible reason for this
choice could be the coordinate activation of biosyn-
thetic pathway enzymes upon defense (nodulation)
signals (Ralston et al., 2005). Enzymes that form a
complex together are coordinately regulated to enable
proper channeling of metabolites. This is based on the
putative metabolon model that is proposed to describe
the organization of flavonoid enzymes (Winkel, 2004;
Dixon, 2005; Ralston and Yu, 2006).

The tissue-specific expression pattern of MtFNSII-1
in the root hairs and vasculature was quite similar to
what we observed for isoflavone synthase in soybean
(Glycine max; Subramanian et al., 2004). Isoflavone
synthase activity and isoflavone accumulation have
been shown to be essential for nodulation in soybean
(Subramanian et al., 2006). To obtain genetic evidence
for the role of flavones in nodulation, an RNAIi con-
struct targeting both MtFNSII-1 and MtFNSII-2 was
introduced into M. truncatula by establishing hairy
root composite plants. The silencing was efficient,
resulting in significantly reduced flavone levels in
these roots. When inoculated with S. meliloti, there was
a significant reduction in the number of nodules,
suggesting that flavones are indeed important for the
nodulation process. Recently it was shown in M.
truncatula that silencing of chalcone synthase reduces
nodulation and also affects auxin transport (Wasson
et al., 2006). Chalcone synthase silencing, however,
depletes the root of all flavonoids and hence it is not
known which group of flavonoids are critical. We
showed specifically that flavones play a major role in
nodulation of M. truncatula. Interestingly, while regu-
lation of auxin transport by flavonoids seems to be
critical for nodulation in M. truncatula (Wasson et al.,
2006), it is not critical in soybean (Subramanian et al.,
2006). The role of isoflavones as endogenous nod gene
inducers seems to be essential for nodulation in soy-
bean. Further investigation is necessary to understand
what role flavones play during nodulation in M.
truncatula that is outside the scope of this report.
Nevertheless, our results suggest that flavones are
important during nodulation of M. truncatula.

MATERIALS AND METHODS

EST Sequence Analysis and Cloning of MtFNSII-1
and MtFNSII-2 cDNAs

Medicago truncatula EST sequences homologous to GeFNSII from licorice
(Glycyrrhiza echinata; CYP93B1; Akashi et al., 1998) and GhENSII from Gerbera
hybrida (CYP93B2; Martens and Forkmann, 1999) were selected from TIGR
Gene Indices (http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=
medicago) using a BLAST search (Altschul et al., 1990). One sequence was
selected (TC103414) as a putative partial FNS II cDNA. MegaBLAST searches
(Zhang et al., 2000) using this sequence against M. truncatula genomic
sequence database (National Center for Biotechnology Information, http://
www.ncbinlm.nih.gov/) resulted in the identification of the full-length
genomic sequence of two putative FNSs named as MtFNSII-1 (CYP93B10)
and MENSII-2 (CYP93B11), respectively. To obtain the full-length cDNA
(MtENSII), RT-PCR primers were designed based on the bacterial artificial
chromosome sequences (Supplemental Table S1). The corresponding cDNAs
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were cloned by RT-PCR using total RNA preparations from M. truncatula
‘Jemalong A17’ seedlings obtained by Trizol (Invitrogen). RT-PCR products
were cloned into pGEM-T-easy vector (Promega) and then resequenced.
Sequence alignments were performed using the AlignX module of Vector NTI
(Invitrogen).

In Vivo Functional Analysis of Both MtFNSII-1
and MtFNSII-2 in Yeast

The coding regions of MtFNSII-1 and MtENSII-2, starting from the ATG
start codon and ending at the stop codon, were cloned into the pESC-HIS yeast
(Saccharomyces cerevisiae) expression vector (Stratagene) under the control of a
Gall0 promoter at the multicloning sites. The primers used for cloning are
showed in Supplemental Table S1. GhENSII (CYP93B2) was previously cloned
into the pYES2 yeast expression vector and was kindly provided by Dr. Stefan
Martens (Martens and Forkmann, 1999). The above constructs, as well as the
pESC-HIS and pYES2 vector as controls, were transformed into WAT11 cells
(Pompon et al., 1996; Urban et al., 1997) made competent with the Frozen-EZ
Yeast Transformation II kit (Zymo Research).

In vivo yeast assays were carried out as previously described with minor
modifications (Ralston et al., 2005). Yeast cultures (2 mL) were grown over-
night at 30°C in appropriate SD dropout liquid media (CLONTECH) con-
taining 2% (w/v) Glc. Then cultures were collected by centrifugation and
washed three times in sterile deionized water. Cultures were then resus-
pended to an ODy, of 1.0 in induction medium, i.e. sb dropout containing 2%
(w/v) Gal. The substrate naringenin or liquiritigenin was then added to a
final concentration of 50 to 100 uM. Approximately 12 to 16 h after induc-
tion, aliquots of cultures (400 uL) were extracted with equal volume of ethyl
acetate. Extracts were concentrated to dryness with an Eppendorf Vacufuge
(Eppendorf Scientific) at 45°C and redissolved in 80% methanol for subse-
quent HPLC analysis.

HPLC and LC-MS Analysis

Aliquots of the above extracts were analyzed on an Agilent 1100 series
HPLC system using a Spherisorb ODS-2 reverse-phase C-18 column (5 um;
250 X 4.6 mm) following previous methods (Akashi et al., 1999; Ralston et al.,
2005). Samples were diluted into methanol and then separated using an
18-min linear gradient from 20% methanol:80% 10 mM ammonium acetate, pH
5.6, to 100% methanol at a flow rate of 1 mL min ™. Elution of metabolites was
monitored by a photodiode array. Retention time and UV spectra were
compared to those of authentic standards when available.

For LC-MS analysis, fractions containing the targeted peaks were manually
collected, dried under nitrogen, and dissolved in methanol containing 0.1%
formic acid. An Applied Biosystems QSTAR XL hybrid quadrupole time-of-
flight MS system equipped with a nanoelectrospray source (Protana XYZ
manipulator) was used to confirm the identities of various metabolites. The
nanoelectrospray was generated from a PicoTip needle (New Objectives) at
1,500 V. The two declustering potential parameters and focusing potential, i.e.
DP, DP2, and FP, were 120, 10, and 230 V, respectively. Authentic standards
were obtained from Indofine Chemical Company.

In Vitro MtENSII Enzyme Activity Assay

Microsomes of yeast strain WAT11 expressing MtFNSII were prepared as
described previously (Pompon et al., 1996). The protein content of each
microsome preparation was assayed using the Bradford protein microassay
(Bio-Rad). The in vitro microsomal enzyme assay was carried out as previ-
ously described (Yu et al., 2000). Briefly, approximately 80 ug of microsomal
proteins were incubated at 30°C in a reaction buffer containing 80 mm K,HPO,
(pH 8.0), 0.5 mM glutathione, with 100 uM naringenin as the substrate and
0.4 mm NADPH as the cofactor. The reactions were stopped after the required
time of incubation and extracted with ethyl acetate and analyzed by HPLC
and LC-MS as described above.

Real-Time RT-PCR Analysis of MtFNSII-1
and MtFNSII-2 Expression

Total RNA was isolated from roots, stems, leaves, flowers, and immature
siliques of M. truncatula using Trizol (Invitrogen) and treated with DNase I
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to remove contaminating genomic DNA. First-strand cDNA was reverse
transcribed using Moloney murine leukemia virus reverse transcriptase
(New England Biolabs). QRT-PCR was performed with SYBR-Green using
an iCycler thermocycler (Bio-Rad; Subramanian et al., 2005). Estimates of
initial transcript concentrations were performed using the comparative
threshold cycle method (Bovy et al., 2002; Subramanian et al., 2004).
Transcript abundance of M. truncatula Ubiquitin gene (TC100151) in each
RNA preparation was used as an internal standard. For MeJA treatment,
10-d-old seedlings (1-2 cm in length) of M. truncatula grown on filter papers
were sprayed with a final concentration of 100 uM MeJA in nitrogen-free
nutrient solution. Root and shoot tissues were collected after 6 h treatment.
Sinorhizobium meliloti 1021 culture condition was described as previously
(Subramanian et al., 2005). M. truncatula seedlings were flood inoculated by
applying 5 mL of the rhizobia suspension to the root system. After 8 h, the
root and shoot tissues were collected. The seedlings without any treatment
were used as the hour 0 controls. Total RNA was isolated and treated
with DNasel. Transcript levels were analyzed using real-time RT-PCR as
described above. The primers for real-time RT-PCR were showed in
Supplemental Table S1.

Construction of Plant Transformation Vectors

The RNAi vector used to silence MtENSII transcripts was constructed as
previously described for isoflavone synthase RNAi (Subramanian et al., 2005).
A 401-bp coding region that was more than 99% identical between MtFNSII-1
and MtFNSII-2 was amplified by PCR using primers that contained two sets of
restriction sites (Supplemental Table S1). The PCR products were cloned into
the CGT2255 shuttle vector (a kind gift from Dr. Chris Taylor, Donald
Danforth Plant Science Center) in opposite orientations on either side of a
pKANNIBAL intron to create an invert repeat driven by the figwort mosaic
virus promoter (Subramanian et al., 2005). This MtENSII RNAi construct
was then cloned into pCAM-sUbi:GFP that was obtained by removing the
355:GUS fragment from pCAMGFPGUS (Subramanian et al., 2004). The newly
constructed pCAMGFP-MtFNSII-RNAi vector was transformed into Agro-
bacterium rhizogenes K599 by electroporation.

The promoters of MtFNSII-1 and MtFNSII-2 were PCR amplified, based on
the sequence information from genomic bacterial artificial chromosome clone
AC146789. A 1,489-bp fragment upstream of the MtFNSII-1 coding region and
a 1,825-bp fragment upstream of MtFNSII-2 coding region were isolated. The
PCR products were digested and inserted into a modified Gateway entry
vector pMH40-ENTR4 (Invitrogen). The promoters were introduced into
a pHGWEFS? Gateway expression vector (Karimi et al., 2002) by RL recombi-
nase (Invitrogen). In these two pHGWFS7-MtENSII-promoter-GUS vectors,
the uidA gene was driven by the MtENSII-1 and MtFNSII-2 promoter, re-
spectively.

Generation of Composite Plants and Histochemical
Analysis of GUS Expression

Seedlings of M. truncatula were grown in greenhouse for a month and used
for transformation.

The hairy root composite plants were generated using the pCAMGFP-
MFNSII-RNAi vector or the pHGWES7-MtENSII-promoter-GUS vectors,
following previously described methods (Subramanian et al., 2004; Collier
etal., 2005). After 3 weeks, the transgenic composite plants were transferred to
sand in the greenhouse. One week later, the plants were flood inoculated with
S. meliloti as follows. Growth conditions for S. meliloti strain rm1021 (a kind
gift from Dr. Terry Graham, Ohio State University, Columbus, OH) were the
same as for Bradyrhizobium japonicum as described previously (Subramanian
etal., 2004). S. meliloti cells were harvested by centrifugation and resuspended
to an ODyg, of 0.08 using nitrogen-free plant nutrient solution (McClure and
Israel, 1979). Transgenic composite plants in sand were flood inoculated by
applying 5 mL of the above bacterial suspension to the root system. Two
weeks later, the roots were tested for GFP epifluorescence to identify trans-
genic roots. Nodules were then counted on each root. Nodule counts were
analyzed for randomness in time and space using Poisson distribution and x*
statistical analyses (http://helios.bto.ed.ac.uk/bto/statistics /tress1.htm). For
flavonoid analysis in roots, 100 mg transgenic roots were powdered by
grinding under liquid N, and extracted with 500 uL 80% methanol. The
supernatant was treated at 98°C for 2 h using 3 volumes of 1 N HCI, extracted
with ethyl acetate and analyzed by HPLC as above.
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Transgenic roots carrying the pHGWFS7-MtENSII-promoter-GUS vec-
tors were treated using MeJA for 6 h, S. meliloti for 8 h, or short wavelength
UV for 2 h, respectively. Transgenic hairy roots, without the treatment as
the 0 h controls and with different treatments were selected by GFP
epifluorescence and then immersed in a GUS-staining solution [0.05%
5-bromo-4-chloro-indolyl-B-D-glucuronide in 100 mm sodium phosphate
buffer, pH 7.0, containing 10 mm EDTA, 0.1% Triton, and 0.5 mm K, Fe(CN),
6H20] and allowed to stain for 16 h at room temperature (Jefferson
et al., 1987). To stop GUS staining, the roots were removed from the
staining solution and washed with 70% ethanol. The GUS staining pattern
was visualized with a dissecting microscope (Olympus SZX12). The trans-
genic hairy roots with nodules were also stained using the GUS staining
solution.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Reversed-phase HPLC profiles of extracts from
yeast cells expressing GhFNSII, MtENSII-1, or MtFNSII-2.

Supplemental Figure S2. LC-MS analysis confirms the identity of un-
known peak produced from liquiritigenin as 2-hydroxyliquiritigenin.

Supplemental Figure S3. MtFNSII-1 or MtFNSII-2 converts flavanones
into 2-hydroxyflavanones and not flavones.

Supplemental Figure S4. Real-time RT-PCR analyses of MtFNSII-1
(CYP93B10) and MtENSII-2 (CYP93B11) expression in treatment with
S. meliloti.

Supplemental Table S1. PCR primers used in this study.

Note Added in Proof

The authors would like to bring to the readers’ attention the possibility
that the product of MtFNSII putatively identified as 2-hydroxyliquiritigenin
(Supplemental Fig. S2) could be licodione [1-(2,4-dihydroxyphenyl)-3-(4-
hydroxyphenyl)-1,3-propanedione] that exists in a tautomeric mixture of
diketonic and ketoenolic forms. 2-Hydroxyliquiritigenin is another theoretical
tautomer of licodione, but this hemiacetal form is unstable and can be spon-
taneously converted into open-chain forms (Ayabe S, Kobayashi M, Hikichi
M, Matsumoto K, Furuya T [1980] Flavonoids from the cultured cells of
Glycyrrhiza echinata. Phytochemistry 19: 2179-2183; Ayabe S, Furuya T [1980]
3C NMR studies on licodione and related compounds in equilibrium mixture
of keto and enol forms. Tetrahedron Lett 21: 2965-2968).
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