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Abstract

A full-length sense Antirrhinum majus dihydroflavonol reductase (DFR) sequence was introduced into birdsfoot trefoil (Lotus
corniculatus L.) in experiments aimed at modifying condensed tannin content and polymer hydroxylation in a predictable manner.
Analysis of transgenic plants indicated lines that showed enhanced tannin content in leaf and stem tissues. In contrast to previous
data from root cultures, levels of propelargonidin units were not markedly elevated in lines with enhanced tannin content. RT-PCR
analysis of four selected lines indicated a correlation between enhanced tannin content and expression of the introduced DFR
transgene.

Using a contrasting approach we introduced a flavonoid 3’5’ hydroxylase (F3'5'H) sequence derived from Eustoma grandiflorum
into Lotus root cultures. Expression of the transgene was associated with increased levels of condensed tannins and in this case there
was also no alteration in polymer hydroxylation. These results suggest that additional mechanisms may exist that control the
hydroxylation state of condensed tannins in this model species.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The genetic control of the condensed tannin (CT)
pathway in higher plants has been studied by a number
of research groups in recent years, and has recently been
reviewed (Dixon et al., 2005; Marles et al., 2003; Tanner,
2004). Significant progress has been made regarding the
genetic analysis of this pathway in a range of species
including barley and Arabidopsis. One of the interesting
aspects of this area of metabolism is that early steps in
this pathway are common both to anthocyanin and fla-
vonoid biosynthesis.
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Biosynthesis of CT polymers involves the conversion
of dihydroflavonol intermediates [dihydrokaempferol
(DHK), dihydroquercetin (DHQ) and dihydromyricetin
(DHM)] which are converted into corresponding flavan
3,4-diols syn. 3,4-cis leucoanthocyanidins by the action
of dihydroflavonol reductase (DFR). Hydroxylation on
the B ring of these intermediates is controlled by the ac-
tion of two closely related enzymes; flavonoid 3’ hydrox-
ylase (F3'H) and flavonoid 3’5’ hydroxylase (F3'5'H)
(Heller and Forkmann, 1988) and a representation of
this metabolic grid is shown diagrammatically in Fig. 1.

The stereochemistry of initiating units within poly-
mers is defined by two independent metabolic pathways.
(+)-Catechin and related subunits are derived from the
activity of leucoanthocyanidin reductase (Tanner et al.,
2003) while (—)-epicatechins are biosynthesised by the
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Fig. 1. A simplified version of the metabolic grid leading to the biosynthesis of CT polymers in Lotus corniculatus. Letters beside arrows indicate
enzymes that convert pathway intermediates. FHT, flavanone 3-hydroxylase; F3'H, flavonoid 3’ hydroxylase; F3'5'H, flavonoid 3’5’ hydroxylase;
DFR, dihydroflavonol 4-reductase. It should be noted that hydroxylation reactions may also occur at the flavanone level. Kaempferol and quercetin,
the other major flavonoid end products in Lotus, are biosynthesised from dihydrokaempferol and dihydroquercetin, respectively, through the action

of flavonol synthase.

concerted action of leucoanthocyanidin dioxygenase
(Abrahams et al., 2003) and anthocyanidin reductase
(Xie et al., 2003). Recent work on mutant analysis in Ara-
bidopsis has elucidated aspects of CT polymerisation and
has implicated a MATE transporter (Debeaujon et al.,
2001) and a glutathione S-transferase (Kitamura et al.,
2004) in the import of monomers prior to polymerisation
in the vacuole.

One characteristic feature of CTs is that these mole-
cules exist as mixed polymers made up of units with dif-
ferent levels of hydroxylation on the B-ring. Little is
known about the genetic control of CT hydroxylation
and the present study aims to address this question using
transgenic technologies. Propelargonidin (PP), procy-
anidin (PC) and prodelphinidin (PD) units are a series
with increasing levels of hydroxylation on the B-ring
and this is of particular interest in forage crops where
patterns of polymer hydroxylation have been reported
to have significant effects upon ruminant nutrition
(Min et al., 2003; Barahona et al., 2003).

Lotus corniculatus biosynthesises CT polymers with
PC and PD units in a range of vegetative tissues includ-
ing roots, stem, leaf and flower while PP units are only
minor constituents in conventional germplasm. In view
of the significant biomass that can be harvested from
an individual transgenic plant, L. corniculatus has
proved to be a popular model organism for the genetic
engineering of the condensed tannin pathway in higher
plants (e.g., Paolocci et al., 1999). There is considerable
interest in increasing the condensed tannin content of
Lotus and other forage legumes with a view to improv-
ing levels of protein protection in protein-rich, low-tan-
nin crops fed to ruminant livestock.

Previous studies in this laboratory aimed at engineer-
ing CT structure, involved the ectopic expression of a
dihydroflavonol reductase (DFR) sequence from Antir-
rhinum majus (Bavage et al., 1997). This transgene

encodes a characterised enzyme activity utilising
dihydrokaempferol (DHK) and dihydroquercetin
(DHQ) substrates for the biosynthesis of propelargoni-
din and procyanidin subunits. High level expression of
the A. majus DFR sequence resulted in enhanced levels
of CT polymers in ‘hairy root’ cultures of L. corniculatus
and in the most extreme example propelargonidin levels
of up to 14% were noted.

In this current investigation, we have analysed a sub-
set of transgenic lines expressing the A. majus DFR
transgene with the aim of analysing phenotypes in
regenerated Lotus plants. Additionally, employing an
opposing strategy, we have introduced and expressed a
F3'5'"H cDNA sequence from Eustoma grandiflorum,
which is predicted to increase polymer hydroxylation
(Tanaka et al., 1998), and we report results derived from
Lotus root cultures expressing the E. grandiflorum
F3'5'H transgene.

2. Results

2.1. Molecular analysis of selected lines expressing
A. majus DFR transgene

Northern analysis was insufficiently sensitive to detect
transgene or endogenous gene expression in RNA
extracted from Lotus leaves. However, reverse transcrip-
tase (RT)-PCR did permit the analysis of transcripts in
selected transgenic plants and this data is displayed in
Fig. 2. When DFR primers specific for the A. majus trans-
gene were used, no signal was noted in control lines but
amplification products were noted in all four selected
ADFR lines. Strong signals were noted in cDNA derived
from leaves of ADFR02 and ADFROS. Ethidium bro-
mide staining of RNA confirmed integrity of source
RNA and also quantification of RNA prior to reverse
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Fig. 2. Reverse transcriptase (RT)-PCR analysis of control and sense dihydroflavonol reductase lines. (a) RT-PCR of cDNA from shoot tips of a
control line and lines ADFR02, 06, 07 and 08. Amplification for expression of 4. majus DFR transgene; (b) as A but using primers specific for an
endogenous Lotus DFR gene; (c) ethidium bromide staining of 10 pg of source RNA preparations; (d) RT-PCR of cDNA from leaves of control and
sense dihydroflavonol reductase plants using actin primers [+RT, —RT; * reverse transcriptase, respectively].

transcription. Actin amplifications were employed as an
additional control. In actin amplifications, no signal was
noted in the absence of reverse transcriptase which con-
firmed that amplification products derived from cDNA
and not from contamination with genomic DNA.

In order to quantify the expression of endogenous
Lotus DFR genes amplifications were carried using
primers that amplify DFRA (Bavage et al., 1997). These
primers are predicted to amplify the four additional
members of the DFR gene family, DFRI-4, which have
been cloned from the leaves of this L. corniculatus reci-
pient genotype (Paolocci et al., 1999). Amplifications

with these Lotus DFR primers showed expression of
endogenous DFR genes in both control and sense DFR
lines. Competitive PCR was then employed in order to
make an estimate of the relative expression of Lotus
DFR genes in control and sense DFR lines. In this anal-
ysis levels of endogenous DFR transcript were lower in
all ADFR lines when compared with controls (data
not shown). When combined with the RT-PCR for
transgene expression, this data indicated that enhanced
tannin levels in transgenic lines would derive from trans-
gene expression rather than from an increase in endoge-
nous DFR transcript.
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2.2. Chemical analysis of lines expressing A. majus
transgene

Chemical analysis was performed on the four selected
lines described previously (ADFR02, ADFRO06,
ADFRO07 and ADFROS) together with three control
lines. The level of condensed tannins in leaves of control
lines was 0.09% dry weight (Fig. 3). ADFR02 showed a
clear enhancement of condensed tannin in leaf tissues
with a value of 2.7% dry weight while ADFR06 and
ADFRO08 had values in excess of those noted in control
leaves; 1.3% and 1.5% dry weight, respectively. Re-
peated analysis of the condensed tannin content of this
plant material gave quantitatively consistent results.
Levels of condensed tannins were also enhanced in stem
tissues of ADFRO02 (data not shown). Staining for cells
containing condensed tannins using dimethylamino-cin-
namaldehyde showed an increase in numbers of detect-
able CT-containing cells in the leaf blades of lines
ADFRO02 and ADFRO8 (Fig. 4) and histochemical
staining for GUS activity (Fig. 4(a)) confirmed that
the CaMV promoter used to drive transgene expression
in these experiments was active throughout the leaf in
transgenic plants.

Flavonol levels were also determined in the leaves of
selected lines (Fig. 5). Enzymatic hydrolysis confirmed
that leaf flavonols were mainly kaempferol glycosides
(ca. 98%) with the remainder being quercetin glycosides.
Control levels were 6.7 £0.3% dry weight indicating
that these end products are a significant product pool
in Lotus leaves. Data suggested an enhancement of total
flavonol levels in lines ADFR02 and ADFROS which
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Fig. 3. Levels of condensed tannin in leaves of control and sense
dihydroflavonol reductase lines. Values are means from duplicate
determinations * sem; control values are means from triplicate control
lines + sem.

Fig. 4. Analysis of CaMV-sense dihydroflavonol reductase phenotypes
in the leaves of transgenic Lotus lines. (a) histochemical staining for
GUS enzyme activity in S50 genotype harbouring a CaMV-GUS
construct; (b) DMACA staining for tannin containing cells in a control
transformant; (¢) DMACA staining of ADFRO08; (d) DMACA
staining of ADFRO02. Size bar = 0.2 cm.
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Fig. 5. Levels of flavonols (expressed as kaempferol-3-O-glucoside
equivalents) in the leaves of control and sense dihydroflavonol
reductase lines. Values are means from duplicate determinations *
sd; control values are means from triplicate control lines * sem.

contained 7.9 + 0.2% dry weight and 7.6 + 0.35 dry
weight, respectively. When leaf condensed tannin levels
were plotted against total flavonol levels and subjected
to regression analysis; an R* value of 0.70 was obtained
which is indicative of a positive relationship between
these two chemical parameters.
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2.3. Condensed tannin hydroxylation in plants expressing
A. majus transgene

In order to analyse hydroxylation levels of condensed
tannins in control and transgenic lines methods based
upon polymer hydrolysis were employed. The results
of this polymer hydroxylation analysis are shown in Ta-
ble 1. PC: PD: PP ratios for meaned control plants were
45:53:2. When ADFR lines were analysed and subjected
to paired contingency > analysis only one sense DFR
line had a significant difference in PC:PD:PP ratios when
compared with meaned controls. This line, ADFRO08,
had a high PC:PD ratio that was significant at the 5%
level.

2.4. Molecular analysis of selected lines expressing
E. grandiflorum F3'5'H transgene

For studies relating to the over expression of a flavo-
noid 3’5’hydroxylase sequence, an authentic full-length
sequence from E. grandiflorum was introduced and ex-
pressed in L. corniculatus genotype S50 using well estab-
lished methodologies (Bavage et al., 1997).

We report here the analysis of four lines, one being a
control line and three co-transformed lines LIS32, LIS38
and LIS39 with differing levels of expression of the
introduced F3’5'H transgene (Fig. 6(a)). All lines were
analysed as root cultures and two of the lines, LIS38
and39, showed enhanced levels of condensed tannins rel-
ative to control root cultures. In these experiments en-
hanced levels of condensed tannin occurred in the two
lines with the highest steady state transcript levels of
the introduced transgene, while LIS32 had CT levels
lower than those found in controls.

In view of the increases in CT levels in two of these
lines we hypothesised that endogenous Lotus genes in
this metabolic sequence might also be up-regulated in
these transgenic root cultures. In the absence of a cloned
F3'5’H sequence we used competitive reverse transcrip-
tase PCR to determine steady state transcript levels of

Table 1
Hydroxylation analysis of condensed tannins in leaves of selected
Lotus lines harbouring A. majus DFR transgene

Line Procyanidin ~ Prodelphinidin ~ Propelargonidin =~ P
(%) (%) (%)

Controls 449149 53.5+£53 1.7£0.6 -

ADFR02  56.4%0.8 42.0+% 1.1 1.6£0.3 -

ADFRO6 549 %09 44.1+0.9 1.0+04 -

ADFRO7  479%0.5 51.2+0.5 09+£0.0 -

ADFRO0O8  57.8%0.1 40.8 £0.2 1.4+0.2 *

Values are means of percentage determinations + sem from duplicate
analyses. Paired contingency y testing was performed against mean
ratios derived from three independent control lines. —, not significantly
different.

* P <0.05.

adjacent genes in this metabolic pathway, i.e., flavanone
3-hydroxylase (FHT), flavonoid 3’hydroxylase (F3'H)
and dihydroflavonol reductase (DFR). This data is pre-
sented in Fig. 6 and no obvious correlation was noted
between transgene expression, CT levels and the mea-
sured levels of FHT, F3'H and DFR expression in these
lines.

2.5. Condensed tannin hydroxylation in lines expressing
E. grandiflorum transgene

As discussed previously the predicted phenotype of
Lotus root cultures over expressing a E. grandiflorum
F3'5'H sequence should be an increase in CT polymer
hydroxylation. These analyses were performed by direct
hydrolysis of root tissues and subsequent quantification
of anthocyanins. Control values for PC:PD:PP ratios
were 81:14:5 which are typical for Lotus root cultures
(Bavage et al., 1997) and correspond to lower levels of
polymer hydroxylation than those in Lotus leaves (Table
1, this study; Foo et al., 1996).

In lines LIS38 and LIN39, enhanced CT levels were
not accompanied by significant increases in polymer
hydroxylation (Table 2). However, LIS 32 a co-trans-
formed line with lower CT levels than controls and unu-
sual growth kinetics had PC:PD:PP ratios that were
significantly different from those found in controls.

3. Discussion

We can draw some general conclusions from the
experiments outlined in this study. With regard to
ADFR plants, expression of the A. majus DFR trans-
gene resulted in an enhancement of CT content. Endog-
enous levels of DFR transcript were not elevated in any
of the lines studied which implies that elevation of CT
levels was likely to result directly from the expression
of the transgene.

No obvious change in polymer hydroxylation was
detectable in these lines. The most obvious explanation
is that competing F3’H and F3’5'H enzymatic activities
counteract any routing towards PP and PC pathways in
these leaf tissues, which in any case, biosynthesise CTs
with relatively high levels of polymer hydroxylation.
Alternatively, the 4. majus DFR gene might not have
a significant dihydrokaempferol reductase activity
although data from the eosinea mutant (Geissmann
et al., 1954) and other transgenic and inhibitor experi-
ments (Schwinn, unpublished) imply that dihydroka-
empferol is a suitable substrate for the enzyme
encoded by this transgene. Another possibility is that
in Lotus leaves, which biosynthesise high levels of
kaempferol, high activities of flavonol synthase may
compete with the introduced dihydrokaempferol reduc-
tase activity for dihydrokaempferol intermediates. Also,
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Fig. 6. Analysis of condensed tannin and transcript abundance in LIS3’5'H transgenic and control L. corniculatus root cultures: (a) relative
abundance of transgene transcript; (b) abundance of CT. C-E, Relative abundance of transcripts from; (c) dihydroflavonol 4-reductase; (d) flavanone
3-hydroxylase; (e) flavonoid 3’-hydroxylase. Data in (a) and (c)—(e) normalised to levels of endogenous fS-actin cDNA and expressed relative to
highest transcript level (100%) in a given data set.

it is possible that dihydrokaempferol is not a metabolic synthase using caffeoyl-CoA precursors rather than the
intermediate in leaf cells that biosynthesise condensed conventional coumaroyl-CoA substrate (Heller and
tannins owing to carbon being routed through chalcone Forkmann, 1988). This hypothesis could be tested by
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Table 2
Hydroxylation analysis of condensed tannins in leaves of selected
Lotus lines harbouring E. grandiflorum F3'5'H transgene

Line Procyanidin ~ Prodelphinidin =~ Propelargonidin P
(%) (%) (%)

Controls  80.7% 13.8+ 5.5 -

LIS32 68.0%5.6 28.35.9 3.7£0.3

LIS38 81.1+1.4 12.5£1.9 6.4%0.5 -

LIS39 78.2£0.6 16.1£0.8 5.7£0.5 -

Values are means of percentage determinations * sem from duplicate
analyses. Paired contingency x> testing was performed against mean
ratios derived from three independent control lines. —, not significantly
different.

EEEY

P <0.001.

attempting to measure the levels of dihydrokaempferol
intermediates in Lotus leaf tissues and comparing with
levels in Lotus root cultures where the A. majus DFR
transgene does appear to re-route carbon into the PP
pathway. Finally, one cannot exclude the possibility that
the metabolic channelling of intermediates involved in
the synthesis of condensed tannins may make the predic-
tive engineering of this pathway far from
straightforward.

As regards the introduction and expression of an E.
grandiflorum F3'5'H transgene in Lotus root cultures,
this intervention also caused an increase in CT content
as a result of transgene expression. Whilst one of the
lines under study (LIS32) showed significant alterations
in patterns of CT hydroxylation, we found no evidence
correlating expression of the F3’'5'H transgene with al-
tered PC: PD: PP ratios in these experiments. In order
to test for genetic compensation, RT-PCR technology
was employed to monitor the transcript levels of genes
that precede F3'5'H in this metabolic sequence (FHT
and F3’H) and a gene that lies beyond this enzymatic
step in CT biosynthesis (DFR). No obvious compensa-
tory changes were noted at the transcript level, which
might suggest that competing enzyme activities may be
nullifying the effect of the predicted F3'5'H activity in
these lines. We also note that a cytochrome b5 activity
has been reported as being necessary for the full activity
of F3’'5'H in experiments aimed at the transgenic modi-
fication of flower colour (De Vetten et al., 1999) and this
activity may be present at low levels in Lotus root
cultures.

In conclusion, in L. corniculatus we have not been
able to produce wide-ranging changes in polymer htdr-
oxylation by the expression of two well-characterised
plant genes involved in low and high hydroxylation
pathways, respectively. This is in contrast to experi-
ments with lignin biosynthesis where transgenic inter-
ventions frequently result in changes in lignin structure
but more infrequently cause changes in lignin content
(Anterola and Lewis, 2002). Questions still remain
about mechanisms that control of CT hydroxylation in
leguminous species. There may be additional, currently

uncharacterised genes, which control flux through this
metabolic grid. An additional factor that impacts upon
these experiments is the observation that predicting phe-
notypes in a metabolic grid formed by F3'H, F3'5H,
FHT and DFR may be rendered difficult if there are tis-
sue-specific isoenzymic forms of the above enzymes,
some of which may be present exclusively in specific cells
which accumulate condensed tannins. Future work may
focus upon the phenotypic screening of mutant popula-
tions of Lotus japonicus with options for Targeting
Induced Local Lesions IN Genomes (TILLING) and
the cloning of candidate genes (Perry et al., 2003; Webb
et al., 2004).

4. Experimental
4.1. Plant material and growth conditions

Lotus lines harbouring the 4. majus dihydroflavonol
reductase gene have been previously described in Bavage
et al. (1997). For this study a subset of these lines, pre-
screened for CT phenotypes were propagated by vegeta-
tive cuttings and triplicate plants were established in
John Innes Nol/Levingtons 50:50 medium. Plants were
glasshouse grown at IGER and CSIRO Canberra and
analyses were performed on 20 cm regrowth after initial
pruning.

Lotus root cultures harbouring a F3’5'H gene from E.
grandiflorum were produced by introducing pLN60 into
Lotus recipient genotype S50 using standard methodol-
ogies (Bavage et al., 1997). Southern analysis confirmed
co-transformation and Xbal digests indicated copy
numbers of one or two for each transgenic line (data
not shown). Sterile root cultures were cultured as Ba-
vage et al. (1997) and root material was analysed after
five subcultures.

4.2. Transcript analysis

Northern analysis was insufficiently sensitive to de-
tect the expression of transgene or flavonoid pathway
genes in these experiments. Therefore, all transcript esti-
mations were performed using RT-PCR. Total RNA
was isolated from Lotus leaves and root cultures using
the method of Chang et al. (1993). cDNA synthesis
was performed according to protocols outlined by GIB-
CO BRL after pre-treatment of RNA preparations with
DNAasel and reverse transcription was quality assessed
by amplification using primers to an endogenous beta
actin gene. Primer sequences for the amplification of
DFR and F3'5'H transgenes and also Lotus beta actin,
F3H, F3'H and DFR genes can be supplied on request
to the authors.

For the data in Fig. 6, transcript measurements were
estimated using semi-quantitative RT-PCR (Allison and
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Shirazi-Beechey, 1997). Actin competimers were engi-
neered by amplification of the cloned L. corniculatus
beta actin cDNA (AF308733, AF308734) with a primer
pair specifically designed to introduce a deletion in the
amplified product. After band purification and quantifi-
cation this competimer was used for quantification of
beta actin in cDNA preparations. PCR reactions were
set up containing 5 pl portions of cDNA together with
actin primers and known quantities of competimer.
The abundance of the amplimer bands was determined
by digital analysis (Phoretix 1D) and used to calculate
the corresponding abundance of beta actin template in
cDNA preparations. Template abundance could be con-
sistently estimated over 30-40 PCR cycles (data not
shown). A normalisation factor was calculated for each
cDNA preparation in this study to correct for differ-
ences in beta actin template.

Transcript levels for the E. grandiflorum F3'5'H and
L. corniculatus F3H, F3'H and DFR were determined
in a similar manner using competimers designed from
the F3'5’H transgene and endogenous DFR
(AF307300), F3H (AF308855) and F3'H (AF430127) se-
quences cloned in this laboratory.

4.3. Chemical analyses

Levels of condensed tannins were determined based
upon their conversion to anthocyanidins on acid hydro-
lysis. Determinations on root cultures used the method
of Colliver et al. (1997) while values were determined
in freeze-dried leaf (and stem) samples using a modifica-
tion of the method of Terrill et al. (1992) as described by
Carter et al. (1999).

For the analysis of CT hydroxylation, constituent
proanthocyanidins units were identified and quantified
by HPLC analysis of butanol-HCI hydrolysates. Anth-
ocyanidins were analysed following the removal of buta-
nol under vacuum at 40 °C using the method of Bavage
et al. (1997) except that HPLC was carried out with lin-
ear methanol:acetic acid (5%) gradient from 30-70%
methanol in 20 min at a flow rate of 2 ml min 2.

Methanol soluble flavonoid glycosides and aglycones
were analysed by HPLC with photo-diode array detec-
tion essentially as described by Robbins et al. (1998).
Enzymatic hydrolysis confirmed that the flavonols in
Lotus leaves were mainly kaempferol glycosides (ca.
98%). Seven major glycosides were noted in unhydroly-
sed leaf extracts and relative proportions were similar in
control and ADFR lines. Flavonol levels were deter-
mined by summing the quantities of flavonol glycosides,
assuming identical extinction coefficients and expressing
results as kaempferol-3-O-glucoside equivalents.

Histochemical localisation of condensed tannin con-
taining cells was performed by staining fresh tissues with
4-dimethylamino-cinnamaldehyde-HCl (DMACA) as
described by Li et al. (1996), except that chlorophyll

was removed from foliar tissues by overnight treatment
in methanol prior to histochemical staining.
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