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The Elicitor-lnducible Alfalfa lsoflavone Reductase Promoter 
Confers Different Patterns of Developmental Expression 
in Homologous and Heterologous Transgenic Plants 
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In legumes, the synthesis of infection- and elicitor-inducible antimicrobial phytoalexins occurs via the isoflavonoid branch 
of the phenylpropanoid pathway. To study transcriptional regulation of isoflavonoid pathway-specific genes, we have 
isolated the gene encoding isoflavone reductase (IFR), which is the enzyme that catalyzes the penultimate step in the 
synthesis of the phytoalexin medicarpin in alfalfa. Chimeric gene fusions were constructed between 765- and 436-bp 
promoter fragments of the IFR gene and the P-glucuronidase reporter gene and transferred to alfalfa and tobacco by 
Agrobacterium-mediated transformation. 60th promoter fragments conferred elicitor-mediated expression in cell sus- 
pension cultures derived from transgenic plants of both species and fungal infection-mediated expression in leaves of 
transgenic alfalfa. Developmental expression directed by both promoter fragments in transgenic alfalfa was observed 
only in the root meristem, cortex, and nodules, which is consistent with the accumulation of endogenous IFR transcripts. 
However, in transgenic tobacco, expression from the 765-bp promoter was observed in vegetative tissues (root meristem 
and cortex, inner vascular tissue of stems and petioles, leaf tips, and stem peripheries adjacent to petioles) and in reproduc- 
tive tissues (stigma, placenta, base of the ovary, receptacle, seed, tapetal layer, and pollen grains), whereas the 436-bp 
promoter was expressed only in fruits, seed, and pollen. These data indicate that infection/elicitor inducibility of the 
IFR promoter in both species and developmental expression in alfalfa are determined by sequences downstream of posi- 
tion -436, whereas sequences between -436 and -765 confer a complex pattern of strong ectopic developmental 
expression in the heterologous species that lacks the isoflavonoid pathway. 

INTRODUCTION 

Phytoalexins are low molecular weight antimicrobial com- 
pounds synthesized by plants in response to attempted 
infection by fungal pathogens, exposure to elicitor macro- 
molecules, or other biotic and abiotic stresses (Dixon et al., 
1983). lsoflavonoid phytoalexins are characteristic of the 
Leguminosae and are found very rarely in other plant families 
(Dewick, 1988). In tobacco and other solanaceous species, 
terpenoid compounds derived from the isoprenoid pathway 
are the major phytoalexins; isoflavonoids do not appear to be 
produced in the Solanaceae (KuC, 1982). 

The pterocarpan medicarpin is the major phytoalexin in the 
forage legume alfalfa. It is synthesized from L-phenylalanine 
via the central phenylpropanoid pathway and isoflavonoid 
branch pathway as illustrated in Figure 1. The entire biosyn- 
thetic pathway to medicarpin is induced de novo in whole plants 
and cell cultures when subjected to the appropriate infection 
or elicitation conditions (Higgins, 1972; Paiva et al., 1991, 
1994a). 

Current address: Li-Cor Inc., PIO. Box 4000, Lincoln, NE 68504. 
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Genes encoding early enzymes in the phytoalexin biosyn- 
thetic pathway, such as phenylalanine ammonia-lyase (PAL) 
and chalcone synthase (CHS), have been cloned from several 
plant species, and their developmental and environmental ex- 
pression patterns have been studied using promoter-reporter 
gene fusions (Liang et al., 1989; Ohl et al., 1990; Stermer et 
al., 1990; Fritze et al., 1991). The complex expression patterns 
of these genes are consistent with the involvement of the 
corresponding enzymes in the synthesis of a wide range of 
functionally distinct phenylpropanoid-derived secondary prod- 
ucts. The promoters of several PAL and CHS genes share 
common regulatory cis elements, consistent with the coordi- 
nated transcriptional activation of these genes at the onset of 
the isoflavonoid phytoalexin response. 

In contrast, little is known about the molecular mechanisms 
underlying the induction of the isoflavonoid branch pathway. 
Enzymes specific to isoflavonoid phytoalexin biosynthesis have 
recently been characterized from several members of the 
Leguminosae. In alfalfa, isoflavone reductase (IFR; EC 1.3.1.45) 
catalyzes the NADPH-dependent reduction of 2'-hydroxyfor- 
mononetin to vestitone, which is the penultimate step in the 
synthesis of medicarpin (Figure 1). Subsequent reduction and 
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Figure 1. Biosynthesis of Medicarpin in Alfalfa in Relation to General 
Flavonoid Biosynthesis. 

The isoflavonoid phytoalexin medicarpin is synthesized in legumes 
by a specific branch of phenylpropanoid metabolism. Non-legumes, 
such as tobacco, do not possess chalcone reductase, isoflavone syn- 
thase, or other enzymes of isoflavonoid metabolism. The enzymes 
represented are PAL, L-phenylalanine ammonia-lyase; CMH, cinna- 
mic acid 4-hydroxylase; 4CL, 4-coumarate:coenzyme A ligase; CHS, 

ring closure convert vestitone to medicarpin. IFR has been 
purified and characterized from severa1 legumes, and IFR 
cDNA clones have been obtained from alfalfa (Paiva et al., 
1991), chick-pea (Tiemann et al., 1991), and pea (Paiva et al., 
1994b). In unstressed alfalfa plants, transcripts from the sin- 
gle alfalfa I f R  gene are detected mainly in roots and root 
nodules, consistent with the accumulation of a medicarpin con- 
jugate, medicarpin-3-O-glucoside-6"-Omalonate, only in these 
organs (Paiva et al., 1991). IFR transcripts are, however, strongly 
induced in infected leaves or elicited cell cultures at the onset 
of medicarpin accumulation (Paiva et al., 1994a). 

Because IFR is specific for the synthesis of defense-related 
isoflavonoid compounds, the I f R  gene promoter may respond 
to a more limited set of signals than do PAL and CHS gene 
promoters. Understanding how the IFR gene is activated will 
provide insights into the mechanisms underlying the coordi- 
nated transcriptional activation of a complex secondary 
biosynthetic pathway and the evolution of the isoflavonoid 
branch of flavonoid metabolism as a defense mechanism. Fur- 
thermore, the IFR promoter may be useful in biotechnology 
for driving expression of antimicrobial proteins or biosynthetic 
enzymes in transgenic plants. In this study, we report the iso- 
lation of the alfalfa IFR gene and its developmental and 
elicitor/infection-induced expression in transgenic alfalfa and 
in tobacco, a species that lacks the isoflavonoid pathway. A 
436-bp region of the I f R  promoter confers the predicted elici- 
todinfection inducibility plus the correct root- and nodule- 
specific developmental expression in transgenic alfalfa. Sur- 
prisingly, a 329-bp region upstream of this elicitor-response 
region directs similar patterns of expression in roots of trans- 
genic tobacco but strong ectopic expression in shoots and floral 
organs. 

RESULTS 

Transcriptional Activation of IFR in Response 
to Elicitation 

To ensure that the increase in IFR transcripts observed in al- 
falfa cell cultures after elicitation (Paiva et al., 1991) is a result 
of increased transcriptional activation, steady state transcript 
levels were determined by RNA gel blot analysis, and changes 
in IFR transcription were confirmed by run-on analysis using 
isolated nuclei. The data in Figure 2 indicate that the massive 
increase in IFR transcripts observed 3 hr after exposure of 
cells to elicitor from yeast cell walls is preceded by a striking 

chalcone synthase; CHI, chalcone isomerase; IFS, isoflavone synthase; 
IOMT, isoflavone Omethyl transferase; IFOH, isoflavone P'-hydroxylase; 
IFR, isoflavone reductase; PTS, pterocarpan synthase. The medicar- 
pin conjugate MGM (medicarpin-3-Oglucoside-6"-Omalonate) accu- 
mulates constitutively in alfalfa roots and young cell cultures at low 
levels. 
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Figure 2. Transcriptional Activation of IFR.

(A) RNA gel blot from unelicited and elicited alfalfa cell suspension
cultures probed with a labeled internal Hindlll fragment (containing
coding sequences for IFR) of pA01-1. RNA was isolated from cell cul-
tures that were exposed to yeast elicitor for 3 hr. The approximate size
of the IFR mRNA band is indicated at the left.
(B) Run-on transcription from nuclei isolated from alfalfa cell suspen-
sion cultures treated with yeast elicitor for the times indicated. Slot
blot analysis was performed with immobilized cDNA specific to IFR
(pIFRalfl).

increase in the transcription rate from an undetectable initial
level. Approximately equal transcription rates were observed
at 3 and 6 hr after elicitation, but transcription had ceased by
12 hr after elicitation. Essentially similar transcription kinetics,
with a maximum at 3 hr, were observed for PAL (data not
shown).

Isolation and Characterization of the Alfalfa IFR Gene

A probe corresponding to the majority of the coding region
of the alfalfa IFR cDNA (pIFRalfl; Paiva et al., 1991) was used
to isolate clones from an alfalfa genomic library. Restriction
mapping and DMA gel blot hybridization with four positive
clones revealed strongly hybridizing 2.4-kb EcoRI and 1.4-kb
Hindlll fragments in each case, which was similar to the pat-
tern observed in DMA gel blot analysis of total alfalfa genomic
DNA (Paiva et al., 1991). The hybridizing 2.4-kb EcoRI frag-
ment from one phage clone was subcloned into pBluescript
II SK- and designated pAO1-1. Sequence analysis revealed
that this clone contained the entire coding region of IFR but
only 528 bp 5' to the open reading frame. A 5' end-specific
probe (Xbal-Hindlll fragment of pIFRalfl) was used to identify
an overlapping 4-kb Hindlll fragment that was also subcloned
into pBluescript IISK-. A 2-kb Pstl fragment was removed from
the 5' end to produce pAO4-1. The complete nucleotide se-
quence of pAO1-1 (EcoRI to EcoRI) and the additional 5'flanking
promoter sequence from pAO4-1 (329 bp; Spel to EcoRI) are
shown in Figure 3. The positions of four introns were deduced
by comparison with the cDNA sequence of pIFRalfl. The splice
points conform to the "GT-AG" rule for donor and acceptor sites
(Breathnach and Chambon, 1981). The nucleotide sequences

of the deduced coding regions of pAOl-1 and the cDNA
pIFRalfl were 98.1% identical and the corresponding protein
sequences were 99.1% identical, with only one functionally
different amino acid substitution.

The start of transcription was mapped by primer extension
analysis (Figure 4) to 92 nucleotides from the start of transla-
tion. Transcripts from elicited (Figure 4, lane 4) and unelicited
(lane 5) alfalfa cell suspension cultures together with transcripts
from alfalfa roots (lane 3) gave the same major primer exten-
sion product. In elicited cells, a minor reverse transcription
product two nucleotides longer was also observed, probably
indicating a second start of transcription from the next avail-
able site. A TATA box" is located 32 nucleotides upstream from
the transcription start site, and two possible "CAAT box" ele-
ments are located at positions -151 (GTCAATTT) and -113
(CAAT).

Alfalfa IFR Promoter-p-Glucuronidase Fusions
in Transgenic Plants

Promoter sequences of the alfalfa IFR gene were fused to the
(3-glucuronidase (GUS) gene in the binary vector pBI101.1
(Jefferson et al., 1987) as outlined in Figure 5. Transgenic
plants transformed with the construct pAlf-ifrL-GUS, contain-
ing the longer (765-bp) promoter fragment, are referred to as
"ifrL-GUS" plants. Similarly, transgenic plants transformed with
pAlf-ifrS-GUS, containing the shorter promoter fragment (a
329-bp deletion to the EcoRI site within the longer promoter),
are referred to as "ifrS-GUS" plants. Both constructs are tran-
scriptional fusions to the GUS gene in which 80 nucleotides
of the 92-nucleotide untranslated leader sequence of the IFR
transcript was maintained intact. These two constructs, along
with pBI121 (cauliflower mosaic virus [CaMV] 35S promoter-
GUSfor constitutive expression controls) and pBI101.1 (as a
control for GUS with no promoter) were introduced into tobacco
and alfalfa plants by Agrobacteri urn-mediated plant transfor-
mation. These are referred to as "355-GUS" and "promoterless
GUS" plants, respectively. DNA gel blot analysis was used to
determine whether regenerated plants were transformants;
both a GUS-specific probe (BamHI-SacI fragment of pBI101.1)
and an IFR promoter-specific probe (the 845-bp Spel fragment
from pAO4-1) were used. Border analysis indicated a range
of one to six transgene copies in tobacco and one to four cop-
ies in alfalfa. Restriction enzyme digestion of genomic DNA
to release internal fragments of the integrated binary constructs,
followed by DNA gel blot analysis, revealed hybridizing bands
of the expected sizes, indicating that no rearrangements of
the constructs had occurred.

Of eight ifrL-GUS independent tobacco transformants with
the same qualitative GUS staining pattern, four plants (T8, T9,
T11, and T14) showed higher levels of staining with 5-bromo-
4-chloro-3-indolyl [J-D-glucuronic acid (X-gluc) and were used
in all studies. All seven independent transgenic tobacco plants
obtained by transformation with the short promoter construct
showed the same staining pattern as described below. Addi-
tional tobacco transformants generated in a later series of
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Figure 3. Nucleotide Sequence of the Alfalfa IFR Gene. 

The sequence of the promoter, 5’ and 3’ untranslated regions, and exons are indicated in uppercase letters (EMBL accession number U17436). 
lntrons are indicated in lowercase letters. The deduced amino acid sequence is shown below the exon sequences in single-letter code. The tran- 
scription initiation site, as determined by primer extension, is marked with a bent arrow (position +l). Possible TATA box (-34 to -28) and 
polyadenylation signals (+l7l6 to +1721 and +1729 to +1737) are underlined, and the polyadenylation site is marked with an arrow (+1753). 
The restriction sites (EcoRI and Spel) that were used to generate the promoter-GUS fusions are shown along with the two EcoRl sites that span 
the 2.4-kb EcoRl fragment of pAOl-1. The sequence upstream of the 5’ EcoRl site was derived from pAO4-1. 
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Figure 4. Determination of the Transcription Start Site for the IFR Gene.

Primer extension analysis was done on total RNA isolated from alfalfa
cell suspension cultures that were unelicited (lane 5) or elicited with
yeast elicitor (lane 4) or from alfalfa roots (lane 3). The arrow shows
the location of the major extension product. Total RNA from yeast was
used as a control (lane 2), and lane 1 contains only the labeled primer.
The same primer that was used for the primer extension reaction was
used to generate a sequence ladder with pAO1-1 (lanes G, A, T, and
C). The sequence of the region that was mapped is shown at right.
The larger asterisk marks the primary transcription start site. The
smaller asterisk indicates a possible minor transcription start site (see
lane 4).

transformations were used to confirm the staining patterns ob-
served in the roots of ifrL-GUS and ifrS-GUS plants. In the
case of alfalfa, all transgenic plants obtained by transforma-
tion with the long or short promoter constructs showed the
same staining pattern. Three independent transformants that
showed strong staining were selected to represent each pro-
moter construct (A3, A4, and A7 for the long promoter and A8,
A9, and A11 for the short promoter).

Developmental Expression of IFR Promoter-GUS
Fusions in Transgenic Alfalfa

Transgenic alfalfa plants were screened for observable GUS
histochemical staining in roots. Both the long and short pro-
moter fragments conferred identical GUS expression (Figures
6A and 6B). A zone of intense staining was seen in the region
immediately behind the root tip, proximal to the quiescent cen-
ter; the root cap and distal root meristematic region showed
no GUS staining. Initiating lateral roots also showed high lev-
els of GUS staining (Figure 6A). Transverse sections through

roots from both ifrL-GUS and ifrS-GUS plants revealed that
GUS activity was localized exclusively to the inner cortex (Fig-
ure 6B). This pattern of GUS expression is clearly different from
that of the CaMV 35S promoter in alfalfa roots, which is charac-
terized by strongest GUS activity in the central vasculature
(Figure 6C) and strong staining throughout the cortex and root
tip, including the root cap. Transverse sections through stems
of transgenic ifrL-GUS (Figure 6D) and ifrS-GUS (data not
shown) alfalfa plants showed no detectable GUS activity. In
comparison, transgenic plants obtained by transformation with
pBI121 (35S promoter-GUS) showed staining in the vascular
bundle, particularly in the secondary phloem (Figure 6E). There
was no histochemically detectable GUS activity in any shoot
parts (stems, leaves, or petioles), flower parts including pol-
len, or seed from ifrL-GUS or ifrS-GUS alfalfa plants, whereas
pBI121-transformed plants showed intense staining in all tissues
analyzed. Transformed plants containing pBI101.1 (promoter-
less GUS) did not show any detectable GUS activity.

Expression of IFR Promoter-GUS Fusions in Alfalfa
Root Nodules

The effective Rhizobium meliloti 102F51 readily formed nod-
ules on rooted cuttings of transgenic alfalfa. Histochemical
analysis revealed a similar pattern of GUS expression in both
ifrL-GUS and ifrS-GUS plants. In mature nodules (3 and 5
weeks after inoculation), the majority of the staining was in
the proximal nodule meristem (Figure 6F). No staining was
observed in the distal meristematic region, the nodule outer
cortex, or the region containing the mature, nitrogen-fixing bac-
teroids. In immature nodules, intense staining was observed
across much of the inner meristematic region (Figure 6G). No
staining was observed in nodules from plants transformed with

EcoR I Spe I Hind III

pA01-1

B

pAII-ilrL-GUS

Hind III EcoR I

3k
MB »,.________

pAlt-ilrS-GUS <"[_/)l_i| ,1,3

Figure 5. Alfalfa /FR Promoter-GUS Transcriptional Fusions.
(A) Restriction maps of overlapping subclones pAO1-1 and pAO4-1
from which promoter sequences were isolated. The shaded areas in
both clones represent the promoter sequences that were excised by
Spel digestion.
(B) Restriction maps of the binary vectors pAlf-ifrL-GUS and pAlf-
ifrS-GUS. RB, right border; LB, left border; Nos-ter, nopaline synthase
terminator sequence.
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Figure 6. Expression of Alfalfa IFR Promoter-Gl/S Fusions in Transgenic Alfalfa.

(A) Roots of alfalfa from an ifrL-GUS plant (x45).
(B) Transverse section of a root from an ifrL-GUS plant (x245).
(C) Transverse section of a root expressing the 35S-GUS fusion (x245).
(D) Transverse section of a stem from an ifrL-GUS plant (x45).
(E) Transverse section of a stem expressing the 35S-GUS fusion (x100).
(F) Longitudinal section through a mature root nodule from an ifrL-GUS plant (x15).
(G) Longitudinal section through an immature root nodule expressing ifrL-GUS (x23).
(H) Trifoliate leaves taken 7 days after infection of ifrL-GUS plants with P. medicaginis. Staining was localized to the immediate region of the lesions.
(I) Trifoliate leaves 7 days after infection of ifrS-GUS plants with P. medicaginis.
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pBI101.1 or from untransformed control plants. Staining was 
observed throughout all regions of nodules from plants har- 
boring pB1121. 

lnducibility of IFR Promoter-GUS Fusions in Alfalfa 

Transgenic ifrL-GUS and ifrS-GUS plants were inoculated with 
the alfalfa funga1 leaf spot pathogen Phoma medicaginis. Only 
infected leaves showed staining with X-gluc (Figures 6H and 
61). GUS expression was very intense in a narrow zone around 
the lesions. HPLC analysis of portions of leaves similarly 
infected with I? medicaginis revealed that medicarpin accumu- 
lation is also confined to this zone (N. Paiva, unpublished 
results). The staining intensity and pattern were identical with 
pathogen-infected leaves from both ifrL-GUS and ifrS-GUS 
plants, and strong staining was observed at 2,4, and 7 days. 
Trifoliate leaves of plants transformed with pBI101.1 did not stain 
after infection with I? medicaginis, whereas 35s-GUS plants 
showed decreased levels of staining on the trifoliate leaves 
after pathogen infection (data not shown). Wounding did not 
induce any observable GUS activity. 

Transgenic cell suspension cultures (from callus derived from 
leaves of transgenic alfalfa plants) were treated with a yeast 
cell wall-derived elicitor that is known to induce strong accumu- 
lation of medicarpin (Paiva et al., 1991). Staining with X-gluc 
was detected only in elicitor-treated cells (data not shown). 
Using quantitative fluorescence-based GUS assays, an eight- 
to 13-fold increase in GUS activity was observed in elicited 
cell cultures derived from ifrS-GUS plants and a similar 10- 
to 12-fold induction was observed in cultures derived from 
ifrL-GUS plants (Figure 7). GUS expression in cell cultures 
from 35s-GUS and pBll0l-transformed plants was not detect- 
ably induced by yeast elicitors. GUS activity in unelicited ifrL- 
and ifrS-GUS cultures was similar to that in 35s-GUS cul- 
tures; constitutive expression of the IFR promoter is expected 
under these conditions, because newly initiated alfalfa cell cul- 
tures constitutively accumulate significam amounts of 
medicarpin-3-0-glucoside-6"-O-malonate (Kessmann et al., 
1990b). 

Developmental Expression of Alfalfa IFR 
Promoter-GUS Fusions in Transgenic Tobacco 

The roots of ifrL-GUS tobacco plants had a distinct pattern 
of X-gluc staining; the strongest staining occurred as a dis- 
crete band, excluding the dista1 end of the root tip (Figure 8A). 
A longitudinal section through such a root (Figure 88) showed 
intense staining in the proximal meristem and high levels of 
expression throughout the cortex behind this zone. The root 
cap, the developed vascular tissue, and pith together with the 
quiescent center and protoderm did not stain. In contrast, ex- 
pression of GUS in tobacco roots controlled by the CaMV 35s 
promoter included the root tip (Figure 8A). Transverse sections 
through roots of ifrL-GUS tobacco plants (Figure 8C) showed 
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Figure 7. Expression of IFR Promoter-GUS Fusions in Elicited Alfalfa 
Cell Suspension Cultures. 

Cell suspension cultures derived from transgenic alfalfa plants were 
treated with yeast elicitor (black bars) or water (white bars) and incubated 
under standard growth conditions for 17 hr. The designation after the 
construct name indicates from which independent transgenic line the 
suspension was derived. Lines harbored the ifrL and ifrS promoter-GUS 
fusions, 35S-GUS, or promoterless GUS (pBI101.1). GUS activity is 
given as picomoles of 4-methylumbelliferone (4-MU) per minute per 
milligram of protein. The value indicated by each bar is the average 
of two independent GUS enzyme assays; individual measurements 
for each cell line varied from the mean by no more than ?7% for un- 
elicited and k2% for elicited cultures. The experiment was repeated 
with these same cell lines and additional cell lines, and similar levels 
of expression were obtained. 

GUS activity uniformly spanning the entire cortex, with no stain- 
ing in the epidermis and the central vascular cylinder. GUS 
expression was not detected in the roots of tobacco plants trans- 
formed with the promoterless GUS construct pBI101.1. In 
contrast to transgenic alfalfa, no GUS expression was observed 
in the roots of any ifrS-GUS tobacco plants. 

Transverse sections through the stems of ifrL-GUS trans- 
genic tobacco plants unexpectedly revealed GUS activity 
localized to the inner vascular cylinder (Figures 8D and 8E), 
with parenchymacells associated with the xylem vessels and 
primary xylem cells specifically being stained. Figure 8F shows 
a transverse section through the stem of a tobacco plant trans- 
formed with 35s-GUS. The heaviest staining with X-gluc is 
seen through the entire central vascular cylinder ir1 xylem, 
phloem, and cambial cells. This is similar to the results ob- 
tained previously with the 35s promoter-GUS fusions in 
tobacco (Jefferson et al., 1987) and strongly contrasts with the 
expression pattern of the IFR promoter. 

Strong X-gluc staining associated with the vascular system 
was observed in petioles of young leaves (Figure 8G), specifi- 
cally in the xylem tissue that is sandwiched between two arrays 



Figure 8. Expression of ifrL-GUS Fusions in Vegetative Organs of Transgenic Tobacco.

(A) Comparison of root expression from ifrL-GUS (left) and 35S-GUS (right) plants (x50).
(B) Longitudinal section through a root from an ifrL-GUS plant (x50).
(C) Transverse section through a root from an ifrL-GUS plant (x50).
(D) Transverse section through a stem of an ifrL-GUS plant (x50).
(E) High magnification of a transverse section through a young stem from an ifrL-GUS plant (x55).
(F) Transverse section through a stem of a plant transformed with the 35S-GUS fusion (x42).
(G) Transverse section through a petiole of an ifrL-GUS plant (x33).
(H) Longitudinal section through the shoot apex of an ifrL-GUS plant (x8).
The bluish color of the root hairs in (B) and (C) is a photographic aberration.
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of phloem. There was very little or no staining in petioles from
the lower one-third of the plant. Expanding leaves expressed
little GUS activity; when present, most of the staining was at
the leaf tips (data not shown). The area close to lateral emer-
gences such as leaves and branches showed high levels of
GUS activity. This is evident in Figure 8H, which shows a lon-
gitudinal section through a shoot apex. The heaviest staining
was seen at stem peripheries in the regions above the points
of attachment of the petioles. The shoot apical meristem shown
in Figure 8H did not express any GUS activity. This contrasts
with the CaMV 35S promoter, which was functional through-

out the entire shoot apex (data not shown). Unlike the ifrL-GUS
plants, GUS activity was not detected in any vegetative organ
or cell type of ifrS-GUS tobacco plants. Plants that were gener-
ated by transformation with pBI101.1 were also GUS-negative.

GUS activity was observed in various parts of flowers from
transgenic ifrL-GUS tobacco plants. In the gynoecium of young
flowers, GUS activity was detected in the stigma (Figure 9A)
and the placental tissue together with the base of the ovary
and the flower receptacle (Figure 9B). The style of mature, open
flowers did not stain with X-gluc (Figure 9A), but GUS activity
was present In the style of flowers from all earlier stages (data

Figure 9. Expression of ifrL-GUS and ifrS-GUS Fusions in Reproductive Organs of Transgenic Tobacco Plants.
(A) Stigma and style of a mature flower from an ifrL-GUS plant (x30).
(B) Longitudinal section through a mature tobacco flower from an ifrL-GUS plant (x30).
(C) Cross-section through a developing fruit from an ifrL-GUS plant (x30).
(D) Anther of a mature flower of an ifrL-GUS plant showing pollen and extruding tapetal tissue (x60).
(E) Longitudinal section through a developing fruit from an ifrS-GUS plant (x10).
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not shown). Ovules from different stages of unopened flowers 
did not stain, but occasional staining was seen in mature 
flowers. Whether fertilization is necessary for staining is not 
known but is a possibility, as cross-sections through maturing 
fruits (formed after fertilization) showed staining of newly 
formed seed (Figure 9C). This could be developmentally con- 
trolled because there was no staining in the placenta1 region 
(Figure 9C), which had stained intensely in the mature flower 
(Figure 9B). In the androecium of tobacco flowers, staining was 
observed in the tapetal tissue and pollen grains (Figure 9D). 
Tobacco flowers from all ifrS-GUS plants showed staining in 
fruits and seed (Figure 9E) and pollen (data not shown). The 
staining pattern was similar to that of ifrl-GUS flowers (Figures 
9C and 9D). No GUS activity was observed in the corolla of 
flowers of ifrL-GUS or ifrS-GUS plants. In comparison, in 
tobacco plants harboring the 35s promoter-GUS fusion the 
entire flower expressed high levels of GUS activity, including 
the corolla (data not shown). No staining was observed in any 
part of flowers from plants harboring pBI101, including the 
pollen. 

lnducibility o f  Alfalfa IFR Promoter-GUS Fusions 
in Tobacco 

Treatment of cell suspension cultures generated from trans- 
genic tobacco plants with yeast elicitor resulted in only a two- 
to threefold increase in GUS activity for ifrS-GUS cell lines 
and a three- to fourfold increase in activity over unelicited cells 
for ifrL-GUS cell lines (Figure 10). This was modest compared 
with the 10- to 12-fold increase in activity Seen upon elicitation 
of a tobacco cell line transformed with a bean CHSB-GUS pro- 
moter construct. No consistent increase in GUS activity was 
detected when transgenic ifrL-GUS and ifrS-GUS'tobacco 
plants were wounded, treated with a variety of tobacco or al- 
falfa funga1 pathogens, infiltrated with Pseudomonas syringae 
pv syringae (successfully used to induce the CHSB promoter 
in tobacco; Stermer et al., 1990), treated with salicylic, arachi- 
donic, or jasmonic acids (potential components of defense gene 
signal transduction pathways; reviewed in Lindsay et al., 1993), 
or inoculated with tobacco mosaic v i m ,  which forms local le- 
sions on this tobacco strain. 

DISCUSSION 

Structure of the Alfalfa IFR Gene 

Previous studies (Paiva et al., 1991) have shown that alfalfa 
contains a single IFR gene, in contrast to the multigene fami- 
lies encoding earlier enzymes of medicarpin synthesis, such 
as PAL and CHS (Dixon and Harrison, 1990). The very slight 
differences in nucleotide sequence between the open read- 
ing frames of the plFRalf1 cDNA (Paiva et al., 1991) and the 
corresponding gene are most likely due to allelic variation 
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Figure 10. Expression of Alfalfa IFR Promoter-GUS Fusions in Elicited 
Tobacco Cell Suspension Cultures. 

Cell suspension cultures derived from transgenic tobacco plants were 
treated with yeast elicitor (black bar) or with water (white bar) and in- 
cubated under standard growth conditions for 17 hr. The plants from 
which the cell lines were derived are indicated. CHSB is a tobacco 
line that harbors the bean CHS8 promoter fused to GUS (Stermer et 
al., 1990). The tobacco line pBI1O1.l TI8 harbors the promoterless GUS 
construct pBllOl .l. GUS activity is expressed in picomoles of Cmethy- 
lumbelliferone (4-MU) per minute per milligram of protein. The value 
indicated by each bar is the average of two independent GUS enzyme 
assays; individual measurements for each cell line varied from the 
mean by no more than 24%. 

among individuals in the highly heterogeneous cultivar Apollo; 
unlike other species, alfalfa cultivars are actually blends of prog- 
eny from hundreds of intercrossed parents. 

The 954-bp open reading frame of the IFR gene is interrupted 
by four short introns. Most PAL and CHS genes reported to 
date contain a single intron, whereas the gene encoding 
dihydroflavonol-4-reductase from Antirrhinum and petunia, 
which shares significant sequence similarity with IFR at the 
N terminus, contains five introns (Beld et al., 1989). A tobacco 
cDNA termed TW, corresponding transcripts of which are ex- 
pressed specifically in flower limb tissue (Drews et al., 1992), 
exhibits high nucleotide sequence identity with IFR in the first 
through fifth exons (48.3, 62.2, 64.4, 45.1, and 54.10!0, respec- 
tively) (TI? Beals and R.B. Goldberg, unpublished data). The 
N-terminal region of TW contains a putative NADPH binding 
site similar to that found in IFR (Paiva et al., 1994b). It is possi- 
ble that reductase genes involved in branch pathways of 
flavonoidlisoflavonoid biosynthesis have evolved from com- 
binations of exonic structure-function modules (Traut, 1988). 

The 765 bp of available IFR promoter sequence were 
searched for sequences similar to previously identified cis ele- 
ments functional in stress-induced or developmentally 
regulated expression of plant defense genes. Best matches 
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were for near complete (-620) and partia1 (-140) elements 
homologous to the box P region identified as important for eli- 
citor responsiveness of a parsley PAL promoter (Lois et al., 
1989). An alignment of these conserved sequences is shown 
in Figure 11. Box P binds an elicitor-inducible basic leucine 
zipper transcription factor termed BPF-1 (da Costa e Silva et 
al., 1993), and related sequences are also present in bean PAL 
and CHS genes (Dixon and Harrison, 1990) and in the alfalfa 
CHS2 gene (N.L. Paiva, H. Junghans, R.A. Gonzales, and R.A. 
Dixon, unpublished data). Other important elements such as 
the H-box, G-box, and SBF-1 binding sites, which have been 
implicated in elicitor-mediated and developmental expression 
of bean CHS genes (Harrison et al., 1991; Loake et al., 1992; 
Yu et al., 1993), were not present in the F R  upstream region. 

The Alfalfa IFR Gene 1s Transcriptionally Activated in 
Elicited Cells 

Nuclear transcription run-on analyses have confirmed tran- 
scriptional activation of several plant defense response genes, 
including genes encoding the phenylpropanoid pathway en- 
zymes PAL, 4-coumarate:coenzyme A ligase, CHS, and 
chalcone isomerase, in elicited cells (Dixon and Harrison, 
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Figure 11. Putative Elements of the IFR Promoter That May Be Con- 
served in Other Phenylpropanoid Pathway Genes. 

Portions of the Medicago sativa (Ms) IFR promoter sequence were 
aligned with box P and box L consensus sequences and the regions 
displaying elicitor and UV-induced footprints in the ktroselinum crispum 
(Pc) PAL gene (Lois et al., 1989). Bases in the IFR promoter sequence 
that match the consensus sequence are underlined. 60th box P and 
box L consensus sequences can be aligned with the same regions 
of the IFR promoter because the two consensus sequences can be 
aligned with each other (bases 2 to 10 of the box P consensus align 
with bases 4 to 12 of the box L consensus). 

1990). In parsley cells, the kinetics of transcriptional activity 
of a range of elicitor-induced genes exhibited considerable vari- 
ation, suggesting multiple mechanisms for defense gene 
activation (Somssich et ai., 1989). In our study, the transcrip- 
tion kinetics of PAL, the first enzyme in the phytoalexin pathway, 
and IFR, the penultimate enzyme, were broadly similar, sug- 
gesting that activation of PAL is nota prerequisite for induction 
of downstream enzymes. A detailed analysis of the very early 
activation kinetics (O to 60 min) of medicarpin pathway genes 
has revealed nearly identical patterns for several of the genes 
examined, including those encoding PAL, CHS, and IFR (W. 
Ni and R.A. Dixon, unpublished data). 

cis Elements Downstream of -436 Are Sufficient for 
Developmental and Elicitor-lnduced Expression of the 
IFR Promoter in Alfalfa 

RNA gel blot analysis (Paiva et al., 1991) and in situ hybridiza- 
tion studies (Harrison and Dixon, 1994) have shown that IFR 
transcripts are constitutively expressed in nodules and root 
cortical cells of alfalfa plants. This correlates with the accumu- 
lation of medicarpin malonyl glycoside in root tissues and 
the histochemical localization of isoflavonoid accumulation 
in the root cortex of legumes with similar medicarpin con- 
jugate accumulation (Wiermann, 1981). The absence of IFR 
transcripts in the aerial organs of uninfected plants likewise 
reflects the absence of isoflavonoid compounds in these 
organs. The expression patterns observed with -765 and 
-436 I f R  promoter-GUSfusions in transgenic alfalfa indicate 
that the promoter confers correct developmental expression 
in the homologous species and that rootlnodule expression 
is determined by sequences downstream of -436. It is not 
known whether the distinctive lack of GUS staining in the re- 
gion dista1 to the root apical meristem and cell proliferation 
zone reflects differences in isoflavonoid metabolism in the 
meristematic and quiescent regions of the root tip. The bean 
PALP promoter exhibits strong expression in the cell prolifera- 
tion zone immediately adjacent to the root apical meristem in 
transgenic tobacco (Liang et al., 1989). In addition, the bean 
CHSB promoter (Schmid et al., 1990) is also expressed in this 
zone, in the root apical meristem, and in emerging lateral roots 
in a manner similar to that observed for the F R  promoter. It 
has been suggested that phenylpropanoidfllavonoid synthesis 
at the root apex may produce morphogenetic signals affect- 
ing polar auxin transport or exhibiting cytokinin-like activity 
(Liang et al., 1989) based on observations of biological activities 
of flavonoids (Jacobs and Rubery, 1988) and dehydrodiconiferyl 
glucosides (Binns et al., 1987), respectively. Whether isoflavo- 
noids have morphogenetic activity or whether their synthesis 
at the root tip is related to rhizosphere colonization remains 
to be determined. 

Alfalfa nodules are indeterminant and maintain an active 
meristematic region under normal conditions (Hirsch et al., 
1992). The location of strongest GUS expression in nodules 
is in a tissue analogous to the strongest staining tissue in root 
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tips, namely the proximal nodule meristem. Unlike many other 
legumes, alfalfa constitutively accumulates significant amounts 
of phytoalexin conjugates in roots and effective nodules (Paiva 
et al., 1991). It is thought that either the R. meliloti symbiont 
is not sensitive to medicarpin (Pankhurst and Biggs, 1980) or 
the conjugated form, or the conjugation keeps the phytoalexin 
sequestered in the plant cell vacuoles away from the symbi- 
ont. We observed no evidence of promoter activity in the cells 
that contain the bacteroids, the actual Np-fixing form of the 
symbiont, suggesting that phytoalexin biosynthesis is not oc- 
curring in these cells. 

In transgenic alfalfa suspension cultures, the IFR promoter 
is strongly activated (up to 13-fold increase in GUS activity) 
in response to treatment with yeast elicitor, with basal expres- 
sion in unelicited cells being equivalent to that of the 
constitutive 35s promoter. This increase in GUS activity is simi- 
lar to the increase in IFR activity (10- to 12-fold) observed in 
elicited alfalfa cells (Paiva et al., 1991). As elicitor responsive- 
ness is not lost on deletion to -436, the putative box P-like 
element between positions -620 and -609 cannot be required 
for reception of the elicitation stimulus. Other than an incom- 
plete box P core sequence (CCAACA) at position -140 and 
some scattered homology near position -210 (see Figure ll),  
there are no sequence elements common to other elicitor- 
induced phytoalexin biosynthetic genes in the IFR promoter 
downstream of position -436. This suggests that, although 
IFR transcription is activated simultaneously with that of other 
defense genes, separate signaling pathways may exist for the 
activation of early- and late-pathway genes in response to 
elicitors. 

The Major Developmental Expression Pattern of the 
IFR Promoter in Transgenic Tobacco 1s Controlled by 
Sequences Upstream of -436 

Tobacco does not possess the isoflavonoid branch of phenyl- 
propanoid biosynthesis. Most previous studies in which correct 
developmental expression of a transgene has been reported 
in a heterologous species have involved promoters of genes 
whose products are common to both source and recipient of 
the transgene (Benfey and Chua, 1989). The alfalfa IFR promo- 
ter is expressed in stem and floral tissues of tobacco according 
to a developmental program different from that seen in alfalfa. 
This difference is particularly striking in terms of the strong 
expression in tobacco stem and floral tissue. Although some 
features of this expression are similar to those of bean PAL 
and CHS transgenes and tobacco IFR-like TI" transcripts in 
tobacco (Liang et al., 1989; Schmid et al., 1990; Drews et al., 
1992), there is a notable absence of IFR promoter expression 
in peta1 tissue. Furthermore, the elicitor responsiveness of the 
promoter in transgenic tobacco cell suspensions'was very poor 
compared with that of the bean CHSB promoter (Figure 10). 
It is therefore possible that the IFR promoter is responsive to 
signals regulating the developmental programs of more than 
one differentially expressed endogenous tobacco gene that 
may or may not have defensive roles. The high constitutive 

expression in the above-ground parts of tobacco may also be 
due in part to the lack of specific negative regulatory factors 
in tobacco, which might normally suppress expression in these 
parts of alfalfa plants. 

Although the 756-bp IFR promoter conferred similar patterns 
of GUS expression in cortical cells and root meristems of 
tobacco and alfalfa, the cis elements conferring this expres- 
sion are'different in the two cases, as deletion to -436 
abolishes root expression in tobacco but not in alfalfa. Iden- 
tification of the sequences conferring root specificity must await 
a detailed mutational and deletional analysis of the promoter. 

During the analysis of promoters from severa1 nonsolana- 
ceous, "nontransformable" species, investigators have relied 
on the use of promoter-deletionlreporter gene fusions ex- 
pressed in tobacco to identify putative regulatory cis elements 
(e.g., see Liang et al., 1989; Schmid et al., 1990; Fritze et ai., 
1991; Burnett et al., 1993; Mason et al., 1993). Our results in- 
dicate that data from such heterologous transformation 
experiments may be misleading. Constructs that yield ectopic 
expression (such as in stems, flowers, and seed of ifrL-GUS 
plants) or that appear inactive (such as in roots of ifrS-GUS 
plants) in tobacco may exhibit correct developmental and 
stress-induced expression in the homologous system. 

lmplications for Use of the IFR Promoter in 
Biotechnolog y 

Under inductive conditions in alfalfa cell cultures, the IFR pro- 
moter confers stronger expression on a reporter gene than 
the commonly used constitutive 35s promoter. These proper- 
ties suggest that it may be a useful tool for engineering 
resistance responses, at least in the important forage legume 
alfalfa. Constitutive root expression of nonphytotoxic defense 
gene products could be advantageous in some cases, as would 
lack of constitutive expression in aerial parts of the forage. It 
may be possible to delete or alter portions of the IFR promoter 
to eliminate the constitutive root expression, while retaining 
localized pathogen inducibility, as was achieved for the tobacco 
TobRB7promoter (Opperman et al., 1994). Such a pathogen- 
specific promoter would be valuable in defense strategies in 
which both the pathogen and a few host cells are killed by the 
localized production of a highly toxic product. The promoter 
may also be useful in screening for substances or conditions 
that induce defense reactions (Doerner et al., 1990) or as an 
early indicator of plant infection. Current studies do, however, 
indicate the dangers inherent in assuming that defense- 
responsive promoters will function predictably in heterologous 
environments. 

METHODS 

Plant Material 

Two alfalfa cultivam were used in this study: Medicago sativa cv Apollo 
(AgriPro, Mission, KS) and cv Regen SY (Bingham, 1991). For good 
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vegetative growth and induction of flowering, alfalfa plants were main- 
tained at 18 hri25OC day and 6 hr/lS°C night cycles at ~ 7 0 %  relative 
humidity in controlled environmental chambers (Conviron, Winnipeg, 
Manitoba, Canada). Tobacco plants were maintained in the green- 
house at 16-hr/25OC day and 8-hr/20°C night cycles at .v50% relative 
humidity. 

Callus and cell suspension cultures of alfalfa and tobacco were gener- 
ated and maintained on modified SH media as described by Kessmann 
et al. (1990a). Yeast cell wall preparations were used to elicit cell CuI- 
tures as described previously (Paiva et al., 1991). 

Nodulation and Pathogen lnfection of Alfalfa 

Multiple cuttings of transgenic plants were rooted in autoclaved per- 
lite wetted with filter-sterilized nitrogen-free Hoaglands nutrient solution 
supplemented with trace elements. After roots formed (10 days), 5 mL 
of a suspension of Rhizobium meliloti 102F51 (ODm of 0.5) was added 
to each cutting. Sterile wateror nutrient solution was added as neces- 
sary to prevent the perlite from drying out. Nodulated roots were 
examined 9 days, 3 weeks, and 5 weeks after inoculation. 

Growth chamber-grown transgenic plants were sprayed either with 
a spore suspension ( .v i05 colony-forming units per mL) of Phoma 
medicaginis in 0.05% Tween-20 or with dilute Tween-20 alone. Inocu- 
lated and control plants were then enclosed in clear plastic bags and 
grown under high humidity. Trifoliate leaves were taken at intervals 
of 2, 4, and 7 days and stained with 5-bromo-4-chloro-3-indolyl p-D- 
glucuronic acid (X-gluc) to detect p-glucuronidase (GUS) activity. 

lsolation of Genomlc Clones 

A genomic library of the alfalfa cultivar Apollo (constructed by G. Gowri 
and 6. Shorrosh, Noble Foundation) in the hFix II system (Stratagene) 
was screened using as a probe the 0.75-kb interna1 Hindlll fragment 
of plFRalfl (Paiva et al., 1991). Hybridization and washing conditions 
were as recommended in the manual (preferred method) supplied with 
the Colony/Plaque Screen hybridization transfer membranes (Du Pont) 
except that 6 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phos- 
phate, 1 mM EDTA, pH 7.4) replaced 1 M NaCl in the hybridizations 
and 2 x SSPE replaced 2 x SSC (1 x SSC is 150 mM NaCI, 15 mM 
sodium citrate) in the washes after hybridizations. Positive clones from 
the first round of screening were purified by two additional rounds of 
screening. DNA from purified phage clones was analyzed by restric- 
tion endonuc!ease digestion and DNA gel blot hybridization; selected 
fragments were subcloned into pBluescript II SK- for sequencing and 
further analysis. 

DNA and RNA Gel Blot Hybridization 

DNA was isolated from tobacco and alfalfa plants as described previ- 
ously (Junghans and Metzlaff, 1990). RNA was isolated as described 
by Paiva et al. (1991). Up to 10 pg of total RNA or genomic DNA was 
used in RNA or DNA gel blot analysis, respectively. Transfer of DNA 
or RNA to nylon membranes and hybridizations to specific probes were 
performed as recommended in the manual (preferred method) sup- 
plied with GeneScreen Plus hybridization transfer membranes (Du 
Pont); changes to the hybridization and washing conditions were as 
described above for library screening. Probes were labeled to high 
specific activity by random primer labeling (Feinberg and Vogelstein, 
1984). 

DNA Sequence Analysis 

DNA was sequenced by the Sanger dideoxy sequencing method 
(Sanger et al., 1977). A Ta9 DyeDeoxy Terminator Cycle sequencing 
kit (Applied Biosystems, Foster City, CA) was used according to the 
manufacturer's protocol. The products were separated on a 6% poly- 
acrylamide gel, and the data were processed by an ABI 373A automated 
DNA sequencer (Applied Biosystems). All manipulations of raw data 
generated from the automated system were done on the PC Gene DNA 
analysis software (IntelliGenetics, Mountain-View, CA). 

Prlmer Extension Analysis 

A synthetic 22-mer oligonucleotide complementary to the N-terminal 
end of the isoflavone reductase ( F R )  coding region (positions 93 to 
114; GGATTTTGTTTTCAGTTGCCAT) was end labeled with T4 poly- 
nucleotide kinase and Y-~~P-ATI? Up to 5 x 104 cpm of labeled primer 
was annealed to 10 pg of total RNA in a 20-pL reaction containing 
100 mM Tris-HCI, pH 8.3, 140 mM KCI, 10 mM MgCI2, 20 mM p-mer- 
captoethanol, 1 mM deoxynucleotide triphosphates, and 40 units of 
RNasin (Promega) (Pfitzner et al., 1988). The reaction was performed 
in the presence of 200 units of reverse transcriptase (Superscript, 
Bethesda Research Laboratories) at 42OC for 45 min. The products 
of the primer extension reaction were analyzed on a 6% polyacryl- 
amide gel containing 8 M ureaalong with asequencing reaction done 
on pAOl-1 with the same primer. Sequencing for the primer extension 
reaction was done using Sequenase (U.S. Biochemical Corp.) according 
to the instructions provided by the vendor. 

Run-On Transcription 

Nuclei were isolated from frozen elicited alfalfa cells, and run-on tran- 
scription and transcript isolation procedures were performed as 
described by Ni and Trelease (1991). Slot blots were prepared using 
GeneScreen Plus hybridization membranes with 1 pg of DNA per lane; 
the probe consisted of the 0.75-kb Hindlll fragment of plFRalf1. 

IFR Promoter-GUS Fusions 

Plasmids pAOl-1 and pAO4-1 contain overlapping regions of the IFR 
genomic clone (see Results). Digestion of the plasmid pAOl-1 yielded 
a 540-bp Spel fragment containing 436 bp of the promoter region (EcoRI 
to Spel site) and 80 bp of the 5' untranslated region, along with 24 
bases of the vector's multiple cloning sites. Digestion of pAO4-1 yielded 
a 845-bp Spel fragment containing an additional 329 bp of upstream 
promoter sequence. These two Spel fragments were ligated into the 
Xbal site of pBI101.1 (Jefferson et al., 1987) to generate pAlf-ifrS-GUS 
and pAlf-ifrL-GUS, respectively. The two binary vectors were maintained 
in €scherichia coii DH5a and then transferred to Agmbacterium tumefa- 
ciens LBA4404 by direct DNA transfer (An, 1987). 

Plant Transformation and Regeneration 

Tobacco and alfalfa plants were transformed with Agrobacterium strain 
LBA4404 harboring the gene construct of interest by leaf disc methods. 
Transgenic tobacco plants (Nicofiana tabacum cv Xanthi) were gener- 
ated as described previously (Rogers et al., 1986), with regeneration 
under kanamycin selection. Transgenic alfalfa plants were generated 
from the transformation- and regeneration-competent alfalfa cultivar 
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Regen SY (Bingham, 1991), following a modified version of published 
procedures (Bingham et al., 1975). Briefly, pieces cut from young leaves 
were inoculated with a suspension of Agrobacterium harboring the 
binary construct and incubated on solid B5h (Brown and Atanassov, 
1985) plates for4 days (16 hr of light at 24OC). The explants were washed 
twice with water to remove bacteria and incubated for 4 more days 
on new B5h plates. Explants were then washed twice with water and 
transferred to selection plates (B5h plates with 100 mglL timentin 
(Beecham Inc., Bristol, TN] and 25 mglL kanamycin [Sigma]). Calli 
and a few embryos appeared after 2 weeks and were transferred to 
new selection plates, making sure the calli were spread out. Plants 
were incubated for another week to allow the development of addi- 
tional embryos. The calli and embryos were then transferred to 65 
plates (no hormones but with antibiotics as before). After 2 weeks, the 
calli and embryos were transferred to fresh 65 plates (with antibiot- 
ics). After 1 to 2 weeks, individual embryos were cultured on Murashige 
and Skoog (MS; Murashige and Skoog, 1962) plates with antibiotics 
(50 mg/L timentin and 25 mglL kanamycin); plantlets were formed within 
1 to 3 weeks, sometimes with roots. These were transferred to plastic 
boxes (Magenta Corp., Chicago, IL) with MS agar media and antibiot- 
ics. Plants were maintained on MS media with antibiotics and 
propagated by cutting. 

Histochemical Locallzation and Fluorometric Quantitation of 
GUS Activlty 

GUS activity was localized histochemically by standard protocols 
(Jefferson, 1987; Martin et al., 1992). Typically, sectioned tissues or 
whole plant parts were incubated in 75 mM sodium phosphate, pH 
7.5, 1 to 2 mM X-gluc in 10% dimethylformamide, and 0.5°/o Triton X-100 
for 6 to 12 hr at 37%. The fluorescence of 4-methylumbelliferone pro- 
duced by cleavage of 4-methylumbelliferyl p-D-glucuronic acid was 
measured to quantitate GUS activity (Jefferson, 1987), which was ex- 
pressed as picomoles of 4-methylumbelliferone produced per minutes 
per milligram of protein. Protein concentration was measured by the 
Bradford assay (Bradford, 1976) using the Bio-Rad protein assay 
reagent. 
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