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The gene or genes encoding chalcone synthase (CHS) in
the legume Trifolium subterraneum (subterranean clover)
were induced within 6 hr after inoculation with Rhizobium
leguminosarum bv. trifolii strain ANU843. No induction
was found in uninoculated controls or plants inoculated
with either the nodulation-deficient R. L bv. trifolii strain
ANUS845 (pSym™) or R. meliloti strain 1021, which is ca-
pable of nodulating alfalfa but not clover. Morphological
examination of the interaction between the legume and
bacteria in this system showed that root hair distortion (a
marker of the early events in the interaction) was appar-
ent within 10 hr after inoculation. This indicated that
CHS induction could occur before any detectable sign of
rhizobial penetration of root hairs. The addition of a
crude preparation of R. L bv. trifolii lipooligosaccharide
signals (Nod metabolites) to the plant growth medium had
no effect on the expression of CHS over 36 hr, although
root hair distortion was apparent over this time. These
treatments were then contrasted with physical wounding.
Wounding the plants led to a rapid induction of CHS, oc-
curring within 2 hr. Sequence analysis of cloned CHS
cDNA from pools sampled after Rhizobium inoculation or
wounding treatments showed the gene designated CHSS
was the major CHS species in both treatments. Conserved
sequences were found in promoters of CHSS5 and soybean
Gmchs7, a gene which has overlapping expression pat-
terns. These findings support the view that the induction
of the phenylpropanoid pathway is involved in the very
early events of the Rhizobium infection of legumes.

Additional keywords: defense, flavonoids, nodulation, sym-
biosis.

The enzyme chalcone synthase (CHS) (EC 2.3.1.74) occurs
at a key branch point in the phenylpropanoid pathway in
plants. The chalcone synthase genes (CHS) respond through
transcription to a variety of developmental and environmental
stimuli (Dixon et al. 1983; Hahlbrock and Scheel 1989;
Dixon and Lamb 1990). The pathway has been subject to
considerable analysis in a wide variety of plants (Stafford
1990). The compounds produced through the CHS branch of
the pathway include phenylpropanoid signaling molecules
(flavonoids and isoflavonoids), which function as inducers of
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bacterial nod gene expression in the early events of the sym-
biotic association between legumes and Rhizobium (Djordje-
vic and Weinman 1991). These compounds have also been
shown to have a variety of other functions (Stafford 1990).

During the Rhizobium infection process, bacterial penetra-
tion and proliferation is combined with the induction of a
developmental response leading to the formation of a new
meristem and nodule structure. The flavonoid products of
CHS expression could have a role in either or both of these
processes (Hirsch 1992). We have therefore focused on the
role of CHS in the very early preinfection events.

To date CHS expression has been examined in a limited
number of rhizobial interactions. Wingender et al. (1989)
found no induction of CHS in inoculated soybean root tissues
during infection by Bradyrhizobium japonicum over 10 hr.
However, higher levels of CHS expression were found in
nodulated root tissue 16 and 28 days after inoculation. Esta-
brook and Sengupta-Gopalan (1991) examined induction of
CHS following infection of soybean by B. japonicum over 4
days and were able to show that different copies of the CHS
gene family were specifically induced by 24 hr after inocula-
tion. Use of a plant supernodulation mutant (nts382) provided
evidence that the induction of CHS copies was the result of
postinfection events. Inoculation of soybean with a heterolo-
gous strain (R. meliloti) was found to increase the expression
of the CHS gene family, whereas infection by B. japonicum
led to a specific subset of CHS transcripts. Stokkermans et al.
(1992) also examined CHS expression in soybean after inocu-
lation with B. japonicum and found only a slight increase in
CHS expression 6 hr after inoculation, compared to the level
of expression 3 hr after inoculation and in control samples. In
Vicia, CHS induction was shown to peak 12 hr after inocula-
tion with R. . bv. viceae (Recourt et al. 1992b). This induc-
tion was correlated with an increased secretion of new
phenylpropanoid compounds into the rhizosphere (Recourt et
al. 1992a).

The nod genes code for enzymatic gene products involved
in the synthesis of lipooligosaccharides (LOSs) (Lerouge et
al. 1990), which are essential for successful nodule forma-
tion. Isolated LOS has been shown to induce root hair defor-
mation, cortical cell division, and the expression of the early
plant nodulin genes (Truchet et al. 1991; Bisseling et al.
1992; Horvath et al. 1993). Recourt et al. (1992b) showed
that a Rhizobium strain without the nod genes (pSym-cured
and unable to nodulate the host plant) was unable to induce
CHS expression but that the wild type could induce expres-



Fig. 1. Root hair curling of Trifolium subterraneum. Roots of dark-grown plants (A) 2 hr, (B) 4 hr, (C) 6 hr, (D) 8 hr, (E) 10 hr, (F) 12 hr, (G) 18 hr, and
(H) 24 hr after inoculation with (1 and 2) F medium and (3 and 4) Rhizobium leguminosarum bv. trifolii strain ANUB43 in the region of (1 and 3) nearly
fully emerged hairs or (2 and 4) just emerging hairs behind the root tip,
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Fig. 2. Induction of total CHS expression following Rhizobium inocula-
tion of Trifolium subterraneum. Blots of total root RNA samples from an
uninoculated control and from plants inoculated with R. leguminosarum
bv. trifolii strain ANU843, R. L bv. trifolii strain ANU845, and R. meli-
loti strain 1021, Hybridization was analyzed with ImageQuant software
of (A) northern blots (10 pg) probed with a CHS2 second-exon fragment,
(B) represented graphically (large circles = uninoculated control; trian-
gles = strain ANU843; diamonds = strain ANU845; small circles = strain
1021), and compared to (C) the same samples (6 pg) hybridized to a con-
stitutive marker, rRNA.
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sion under the same conditions. One hypothesis for the in-
duction of CHS expression was that the bacterial LOSs act as
elicitor-type molecules (Spaink 1992; Recourt et al. 1992b),
but there is as yet no direct evidence showing LOS induces
CHS.

Earlier work from our laboratory isolated and characterized
genomic clones of eight members of the CHS multigene fam-
ily in the subterranean clover cultivar Karridale. This charac-
terization established that CHS occurs in this cultivar in a
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Fig. 3. Total CHS induction following wounding of Trifolium subterra-
neum. Blots of total root RNA from control and wounding treatments.
Hybridization was analyzed with ImageQuant software of (A) northern
blots (10 pg) probed with a CHS2 second-exon fragment, (B) represented
graphically (circles = control treatment; triangles = wounding treatment),
and compared to (C) the same samples (6 pg) hybridized to a constitutive
marker, rRNA.



family of at least nine members in a minimum of three clus-
ters (Arioli et al. 1994; J. Weinman, unpublished data). This
paper presents an analysis of the expression of the CHS genes
following the interaction between the plant host and both the
symbiotic infective bacterium R. I. bv. trifolii strain ANU843
and the LOS produced by the products of the nod genes in
this strain. The expression of CHS in the symbiotic interac-
tion is then compared and contrasted with the expression of
CHS following physical wounding.

RESULTS

Root hair curling.
To place the expression of CHS genes in a developmental

context in our culture system, we conducted a time course of
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Fig. 4. Total CHS induction following lipooligosaccharide treatment.
Blots of total root RNA from roots treated with lipooligosaccharide from
Rhizobium leguminosarum bv. trifolii strain ANU845 and R. [. bv. trifolii
strain ANU845(pR14003). Hybridization was analyzed with ImageQuant
software of (A) northern blots (10 pg) probed with a CHS2 second-exon
fragment, (B) represented graphically (circles = ANUS845; triangles =
ANU845(pR14003)), and compared to (C) the same samples (6 pg) hy-
bridized to a constitutive marker, rRNA.

root hair deformation following inoculation with R. L bv. tri-
folii strain ANU843. Root hair deformation in the susceptible
root zone (Bhuvaneswari et al. 1981) is one of the earliest
observable morphological changes in the plant in response to
the invading bacterium. Root hair deformation induced by
R. L bv. trifolii strain ANU843 was readily apparent 10 hr
after inoculation, but none occurred in uninoculated controls
(Fig. 1). Root hair deformation was apparent at all subsequent
sampling times. Experiments were therefore undertaken over
the time frame of 36 hr following inoculation.

CHS induction following infection.

Total CHS expression in dark-grown seedlings was exam-
ined over 36 hr following Rhizobium infection (Fig. 2). Total
RNA was probed with a second-exon fragment from CHS2
that hybridized to all known subterranean clover CHS genes
(Arioli et al. 1994). CHS was induced by the wild-type R. L
bv. trifolii strain ANU843 within 6 hr of inoculation. In con-
trast, inoculation with either the nonnodulating R. L bv. tri-
folii strain ANU845 (pSym™) or R. meliloti strain 1021 did
not induce CHS gene expression above background levels. R.
meliloti strain 1021 nodulates alfalfa but not clover and pro-
duces sulfated LOS molecules (Lerouge et al. 1990; Truchet
et al. 1991), which differ from the LOS produced by R. L bv.
trifolii strain ANU843 (McKay and Djordjevic, 1993).

CHS induction following wounding.

CHS induction following physical wounding was examined
to contrast with the response apparent following Rhizobium
inoculation and to determine the specificity of CHS gene in-
duction. Physical wounding was chosen to test the hypothesis
that the plant’s responses following wounding share some
similarities with its responses during Rhizobium infection
(Brewin 1991). Further, analysis of another inducing treat-
ment acts as a measure of difference for the induction of
symbiosis-specific CHS genes. Single 5-mm incisions were
made in the roots of newly germinated plants, and RNA was
extracted at various times following treatment. The condi-
tions were identical to those under which the induction of
CHS following Rhizobium infection was examined, CHS ex-
pression was rapidly induced within 2 hr after wounding (Fig.
3). The CHS mRNA levels declined to background levels by

Table 1. Survey of CHS genes expressed”
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*CHS mRNA from various time points after inoculation with Rhi-
zobium leguminosarum bv. trifolii strain ANUB43 and wounding
treatments was copied into cDNA, amplified by polymerase chain
reaction, and then cloned and sequenced. The numbers of clones
sequenced corresponding to a particular CHS gene are listed accord-
ing to the time point and treatment pool from which the clone was
isolated.
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6 hr, in contrast to those of plants inoculated with Rhizobium
(Fig. 2).

LOS induction of CHS.

Isolated LOS applied to roots has been shown to cause root
hair curling, cortical cell division, and expression of some of
the early nodulin genes (Truchet ef al. 1991). A crude prepa-
ration containing R. I bv. trifolii LOS molecules was added
to the plate culture medium in sufficient quantities to cause
root hair curling after 24 hr in plants grown under the same
conditions used to examine the induction of CHS after Rhi-
zobium inoculation (data not shown). This LOS preparation
did not induce CHS over the 36-hr assay period (Fig. 4).

Identification of expressed CHS copies.

Expressed CHS genes were cloned following cDNA syn-
thesis and polymerase chain reaction (PCR) amplification and
sequenced to survey their identity when compared to existing
genomic sequences (Arioli et al. 1994; J. Weinman, unpub-
lished data). The PCR fragment lengths varied between 600
and 700 bp, depending upon which CHS gene was being
amplified. The cDNA was made from total root RNA isolated
from the time points up to 36 hr after inoculation with R. I
bv. trifolii strain ANU843 and up to 12 hr after wounding. A
total of 32 clones from the various treatment time points were
examined (Table 1). Sequences identical to the previously
designated CHS2 and CHS3 were found in uninoculated 0-hr
controls in addition to a new CHS sequence (designated
CHS9). CHS1, CHSS, and CHS6 were found in samples 6 hr
after inoculation with R. [. bv. trifolii strain ANU843, and
CHSS5 and CHS6 were found in similar samples 24 and 36 hr
after inoculation. CHS5 and CHS6 were also found in sam-
ples 2 hr after the wounding treatment. It is possible that the
C-terminal sequence designated CHS9 may be that of the
previously designated CHS4 or CHS8 gene, as the C-terminal

sequences of these genes have not been characterized. Se-
quence comparisons of each of the expressed CHS species
confirmed the sequence and identity of expressed CHS genes
and showed the position of the addition of the polyA tail (Fig.
5). These findings indicate that CHS5 was the predominant
CHS species in the mRNA pools in our system, in both the
inoculation treatments and the wounding treatments, although
CHS1 and CHS6 were also present.

Sequence comparisons.

A comparison of the promoter regions could identify a
(novel) consensus region responsible for copy-specific induc-
tion of CHS. The promoter regions of CHS5 and CHS6 (J.
Weinman, unpublished data) were compared to the promoter
of the soybean Gmchs7, which is the CHS gene known to be
expressed in the Bradyrhizobium-soybean interaction (Esta-
brook and Sengupta-Gopalan 1991; Akada er al. 1993). This
comparison revealed four regions of considerable homology
between the gene promoters, which we have designated re-
gions I-IV (Fig. 6A and B). Regions I-III can be accounted
for by conserved regions established in earlier analysis (Arioli
et al. 1994; J. Weinman, unpublished data), which are also
present in the promoters of CHSI, CHS2, and CHS3 and par-
tially in that of CHS4 (data not shown). Region IV occurs
only in CHSS and CHS6 of the characterized subterranean
clover CHS genes and has two conserved features, which are
also evident in the soybean Gmchs7 (Fig. 6C). The first is the
sequence AA(N)ATAT(N),CCAAT(N)ATT, which is the
same in all three promoters, and the second is an eight-base
pair direct repeat, ATAAAATA, which is present only in the
promoters of CHSS and Gmchs?7.

DISCUSSION

Hirsch (1992) suggested that the induction of the plant
CHS gene(s) in the Rhizobium-legume interaction could be

1350 1429
1 TAAGA---T---GCTTAGTTATTTTATTTTCATGTATCA-TTTTTAAATTTGCTTGATTTTTATGTAAACATG- - -AAAA
2 TGAGA---G---GCTTACTTATTTTATTTTCATGTATCA-TTTTTAAATTTGCTTGATTTTTATGTAACCGTG---AAAA
3 TGAGA---T-GCGCTTCATTATTTTATTTTCATGTATTA-TTTTTAAATTTGCTTGATTTTTATGTAAGCATG- - -GAAA
8 TGAGA-TGT-TTGTTTGTTTGTTTGTTTTCCATGTATTGCTTTTTAAATTTGTCTGATTTTTATGTAAG-ATG---AAAA
6 TGA-TTTGTG------- TGATTGTAATTTATTT-TAATGTATTACCT--------- TCAATCTTGCATGAATTTCCATTA
5 TGAGATTGAGAGACTTTTGATTGTTTTTTAATTGTATTGTATTACTTTACTTTTAATTAATCTTGCTTGAACTTCCATTT

1430 1509
1 GCTCATCTAGA----GTTAAACATGCA-AAATCGTGTTAACATATTAAAGACGACGAAGAATATTGTAACCAGTGAATTA
2 ACTCATCTAGA----GTTCAACATGGA-CAATCATATTAAAATAATATTTGATT
3 ACTCATCTAGA----GTTCAACATGGA-CAATCATATTAAAATAATATTCGATTAACTTTGTATTCT
9 ATTCATCTTCA----TTTCAACATGTACCCATCATATTAAATT
& AAAAATAAATATGGAGTTCAATTTGTACCATTGATGTTGAAATATCTTGTATT---CTAGCATTTGTTATTTGTTTAAAT
5 AAGAATAAATATGGAGTTCAATCTGTACCATCAATGTTAAAATAATATATCGT-~-~-TAATAGCTTTT
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Fig. 5. CHS cDNA sequence data. CHS mRNA was copied into cDNA from various treatment time points, amplitied by polymerase chain reaction, and
then cloned and sequenced. The sequence was then compared to previously sequenced genomic CHS data to determine the identity of the cloned sequence.
The cDNA sequence data are presented from the stop codon to the site of the addition of the polyA tail for cDNAs from CHSI (1), CHS2 (2), CHS3 (3),
CHS5 (5), CHSG6 (6), and CHS9 (9). The alignment program used was an iterative multiple alignment written by D. K. Smith of the Research School of
Biological Sciences Computer Unit, Australian National University, using a unitary nucleotide weight matrix, k-tuple size = 2, window = 20, gap penalty =
10, gap penalty per unit length = 8, and a weighted leading edge.
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involved in the induction of the Rhizobium nod genes (LOS
and Ini phenotype) as a defense response to the invading
Rhizobium (pathogen) or in the regulation of root mitotic ac-
tivity necessary for nodule development. The separation of
these possible events is a complex problem and may only be
achieved by dissecting the time of CHS gene expression for
each of these events in a well-characterized plant-Rhizobium
interaction. The experiments described in this paper set out to
define CHS gene expression in the context of well-defined
morphological events in the well-characterized interaction
between subterranean clover and R. [. bv. trifolii.

Root hair curling in our system (Fig. 1) indicates that the
early events in the interaction take place within 10 hr follow-
ing inoculation. From previous data it is possible that the in-
itiation of events leading to cortical cell division may have
occurred and infection thread formation begun within this
time (Djordjevic and Weinman 1991). We therefore designed
our experiments to examine the induction of the CHS gene(s)
by the bacterium and isolated LOS within this time frame. To
avoid the known effects of light on CHS induction, the plants
were incubated in the dark (Koes et al. 1989). To counter the
possible masking of CHS induction by the emergence of lat-
eral roots, newly germinated seedlings were used (Yang et al.
1992). In our system lateral roots would not have been initi-
ated until well after the last time point (36 hr). The expression
of CHS following inoculation was then contrasted with a
well-characterized CHS induction response (physical wound-
ing) in order to highlight and contrast the responses to Rhizo-
bium infection and LOS application.
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In our system CHS expression was induced within 6 hr
after inoculation with the wild-type R. L bv. trifolii strain
ANUS843, while the pSym™ R. L bv. trifolii strain ANU845
and R. meliloti 1021 (having a different host range) main-
tained background levels of expression (Fig. 2). The reports
of Estabrook and Sengupta-Gopalan (1991) on Glycine max
and Recourt et al. (1992b) on Vicia sativa are consistent with
the induction of CHS by the wild-type strain ANU843, al-
though our results show much faster rates of induction. This
rapid induction is significant because the kinetics are similar
to those found during incompatible infections with an aviru-
lent bacterium, for example, Pseudomonas syringae on bean
(Jakobek et al. 1993). The absence of induction by the pSym™
strain ANU845 is consistent with the results reported by
Recourt ef al. (1992b). However, we did not find induction of
CHS by a Rhizobium species with a different host range (R.
meliloti 1021), whereas Estabrook and Sengupta-Gopalan
(1991) found R. meliloti was able to induce expression of the
CHS gene family in soybean. It is possible that R. meliloti
1021 did not respond to the exudate inducers secreted by
subterranean clovers and was therefore unable to synthesize
LOS, curl root hairs, or infect roots. Nevertheless we have
clearly shown that CHS induction occurs before any recog-
nizable Rhizobium penetration event, and therefore CHS
induction is a preinfection event in subterranean clovers and
not solely a postinfection phenomenon, which Estabrook and
Sengupta-Gopalan concluded it was (1991).

One possible explanation for the observed induction of
CHS expression by the wild-type strain ANU843, but not by
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Fig. 6. Comparison of the subterranean clover CHS5 and CHS6 promoters and the soybean Gmchs7 promoter. DotPlot alignments (GCG package)
(Devereaux et al. 1984) of the Gmchs7 promoter (horizontal axis) against (vertical axis) (A) CHSS and (B) CHS6 are presented for the 600 nucleotides
upstream of the start codons (601-603). We have designated the areas of homology regions I-IV. Alignment of the sequences corresponding to region IV

(C) shows conserved sequences (boxed) and direct repeats (underlined).
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either the pSym™ strain ANU84S or R. meliloti 1021, is the
LOS molecules excreted by the wild-type strain (Spaink
1992; Recourt et al. 1992b). To test this possibility, isolated
LOS was applied in sufficient amounts to cause root hair
curling within the assay period. The isolated LOS did not in-
duce CHS expression (Fig. 4). Therefore, LOS by itself does
not account for CHS induction following inoculation with the
wild type. Junghans et al. (1993) treated alfalfa roots with the
filtered supernatant from sonicated R. meliloti cells as a biotic
elicitor and found a rapid induction of a subset of CHS tran-
scripts. It is not certain whether the R. meliloti nod genes
were induced in these experiments. However, the failure of
LOS to induce CHS in our system and the Rhizobium as
abiotic elicitor for the induction of CHS in the system of
Junghans et al. (1993) (whether nod genes were induced or
not) suggests the Rhizobium has the potential to be perceived
by the host plant as a pathogen (Djordjevic et al. 1988). If the
nod genes (and hence LOS) were absent in the system of
Junghans et al. (1993), it is then conceivable the LOS may
have a role in limiting the plant’s responses to elicitation (and
infection).

One of the postulated functions of the observed CHS ex-
pression is the synthesis of new flavonoids to act as auxin
regulators in cell division and nodule formation (Hirsch
1992). Flavonoids have been shown to function as auxin
transport inhibitors (Jacobs and Rubery 1988), and auxin
transport inhibitors have been shown to induce nodule-like
structures on alfalfa roots (Hirsch et al. 1989). To function in
this manner, the flavonoids that are produced as a result of the
rapidly induced CHS expression would need to be produced
in the very early stages of infection, to coincide with cortical
cell division in the very early preinfection events. However,
in our system the very early expression of CHS (Fig. 2) was
separated from the early preinfection events by applying iso-
lated LOS (Fig. 4), which causes root hair curling and cortical
cell division (Truchet et al. 1991). Since LOS alone does not
induce CHS expression, the flavonoids postulated to be asso-
ciated with root hair curling and cortical cell divisions cannot
be the result of the Rhizobium-induced CHS expression. In
the early preinfection events the mobilization of existing
pools of flavonoids in the plant could account for auxin trans-
port inhibition (Recourt et al. 1992b) in a manner similar to
that found in pollen germination (Mo et al. 1992). However,
the products of later Rhizobium-induced CHS expression may
have a role in the later stages of nodule development (Yang et
al. 1992; Grosskopf et al. 1993), which is also suggested by
the presence of CHS transcripts in meristematic tissue (Yang
et al. 1992). This result also suggests that the signal transduc-
tion pathway for the induction of early nodulin genes, which
are induced by LOS (Horvath et al. 1993), is different from
that responsible for the induction of CHS.

The contrast between infection and wounding was chosen
because of the hypothesis that the plant’s responses to
Rhizobium infection and to wounding share some similarities
(Brewin 1991). Our results show some similarities. There is a
similar rapid induction of CHS gene expression following
Rhizobium infection and wounding (Figs. 2 and 3) and a pre-
dominance of the same CHS gene copy in both mRNA pools
(Table 1). The absence of CHS induction following LOS
addition (Fig. 4) and the correlation of similar CHS induction
following wounding and Rhizobium inoculation suggests that
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some physical “perturbation” of the plant cell wall or mem-
brane may be required for the induction of CHS. Such a
“perturbation signal” occurs with physical wounding and at
the site of infection by a wild-type Rhizobium degrading the
cell wall soon after attachment (for example, by pectinases)
(Mateos et al. 1992). The consequence of this “perturbation”
is the activation of cell wall repair mechanisms and the for-
mation of the infection thread (Robertson and Lyttleton 1982)
with a mobilization of vesicular bodies to the site of pertur-
bation in a manner similar to host-pathogen interactions
(Ridge and Rolfe 1985). The differences in outcome between
the wound response and the infection response leaves open
the possibility that Rhizobium is in some way modifying the
plant’s defense response to enable at least some successful
nodule-forming infections (Rolfe er al. 1989).

Jakobek et al. (1993) showed that a generalized defense re-
sponse (including the induction of CHS expression) could be
separated from a hypersensitive response and concluded that
there are several levels to the defense response of plants to
invading pathogens. It is conceivable that infection by wild-
type Rhizobium induces one of the levels of the plant defense
response and then limits the later levels. Djordjevic et al.
(1988), using a nonnodulating Tn5-induced adenine auxo-
troph of NGR234, showed that this strain could curl root hairs
and initiate an infection thread, but the root hairs and adjacent
epidermal cells rapidly collapsed within 24 hr after inocu-
lation. This localized response closely resembles a hyper-
sensitive response. This observation suggests that a wild-type
Rhizobium induces the plant’s generalized defense response
and then actively limits the subsequent distinct hypersensitive
response to enable further penetration and nodule formation
(Djordjevic et al. 1987). This CHS induction may also have a
function in the abortion of infection threads, leading to the
plant’s limitation of infection reported by Vasse et al. (1993).

A comparison of the CHS5 and CHS6 promoters with the
promoter of the CHS induced by B. japonicum in soybean
(Gmchs7) (Estabrook and Sengupta-Gopalan 1991; Akada et
al. 1993) revealed sequences conserved between these pro-
moters (Fig. 6). Regions I-IIl are common to all of the
characterized clover CHS gene promoters (J. Weinman, un-
published data) and contain sequences with possible regula-
tory roles. These include a TATA box in region I, a G-box
(CACGTG) sequence (Giuliano et al. 1988) in region II, and
a sequence in region III (CCACCAAACTC) homologous to
sequences believed to have a role in UV and elicitor induc-
tion (Lois et al. 1989). The region IV element is found only in
CHSS5 and CHS6 of the characterized clover CHS genes. This
suggests that region IV (possibly in combination with the
other elements) could be responsible for the induction of CHS
by Rhizobium and wounding. Further analysis of these pro-

Table 2. Rhizobium strains used in this study

Strain Description

Rhizobium leguminosarum
bv. trifolii

ANU843 Wild type (clover); pSym™,
Nod™ on clover
ANU84S5 pSym™, Nod™ on clover
ANU854(pR14003) Nod™ on clover
R. meliloti
1021 Wild type (alfalfa); pSym*, Nod*

on alfalfa




moters is necessary, particularly to assess the possible regula-
tory functions of regions II-IV in the plant.

Analysis of the induction of CHS in the very early stages of
infection will be necessary to elucidate the kinetics of particu-
lar CHS genes expressed in the Rhizobium-plant interaction.
The results presented here suggest that the early CHS expres-
sion following Rhizobium inoculation has similarities with the
plant’s response to wounding. Experiments are under way to
identify quantitatively the expression of individual CHS
genes in our system and to further dissect the very early inter-
action events leading to CHS expression.

MATERIALS AND METHODS

Bacterial culture and plant inoculation.

The wild-type R. . bv. trifolii strain ANU843, the R. L. bv.
trifolii strain ANU845 cured of pSym, and the different host
range R. meliloti (Table 2) were grown up to OD, 0.6 in BIII
medium (Hollingsworth et al. 1984) at 28° C and then centri-
fuged at 5,000 rpm for 5 min in a Sorvall RC5D centrifuge,
the supernatant was removed, and the pellet was resuspended
in liquid F medium (Rolfe et al. 1980). These bacteria
(approximately 2 x 108 cells per milliliter in 20 ml) were al-
lowed to recover for 1 hr and then flooded onto germinated
seedlings (see below) on F medium plates (Rolfe et al. 1980)
for 1 hr at 22° C in the dark. The bacterial suspension was
then poured off, and the plates were placed in the dark at 22°
C for the duration of the experiment.

Plant germination and growth.

Certified seeds of T. subterraneum cv. Karridale were
surface-sterilized in 3.25% hypochlorite for 5 min and
washed four times in sterile distilled water. Seeds were placed
on F medium plates in the dark at 4° C for 24 hr (Rolfe et al.
1980) to synchronize germination and then were germinated
at 22° C for 24 hr in the dark. Selected germinated seedlings
were placed on F medium plates. Following Rhizobium inoc-
ulation or wounding, lids were placed over the plates, which
were wrapped in foil and placed in the dark in a growth cabi-
net at 22° C. Incident light was excluded as much as possible
to avoid the interference of light-induced CHS expression in
the subsequent analysis.

Time course of root hair curling.

Germinated plants were inoculated with R. [ bv. trifolii
strain ANU843 as described above or with F medium alone
(control) and then examined and photographed under a mi-
croscope at various times after inoculation. Roots were
soaked for 5 min in a 0.004% solution of methylene blue
prior to examination to aid visualization of the root hairs.

RNA analysis.

For RNA analysis 40 germinated seedlings were inocu-
lated, treated with LOS, or physically wounded with a scal-
pel, leaving a 5-mm-long incision in the root tissues. At the
time of sampling the roots were excised and placed in liquid
nitrogen and then stored at —70° C until the extraction of the
RNA. Total RNA was isolated from roots by hot phenol ex-
traction and LiCl precipitation (Ausubel et al. 1987). The to-
tal RNA was quantified spectrophotometrically and checked
for degradation on a 1% formaldehyde agarose gel. For

northern analysis total RNA was separated in a 1% formalde-
hyde agarose gel, alkaline-blotted onto Hybond N+ (Amer-
sham International, Little Chalfont, Buckinghamshire, UK)
according to the manufacturer’s instructions and then probed
with a randomly primed [0-**P]dATP-labeled Pst1-Xbal frag-
ment from the second exon of CHS2 (Arioli et al. 1994).
Membranes were prehybridized for 1 hr at 42° C in 50%
formamide, 5x SSPE (20x stock: 3.6 M NaCl, 0.2 M sodium
phosphate, and 0.02 M EDTA, pH 7.7), 5x Denhardt’s solu-
tion (100x stock: 2% bovine serum albumin, 2% Ficoll, and
2% polyvinylpyrrolidone), 0.5% sodium dodecyl sulfate
(SDS) and then hybridized for 12-16 hr at 42° C in 50%
formamide, 5x SSPE, 5x Denhardt’s solution, 0.5% SDS, and
0.5 mg of salmon sperm DNA. For slot blots (Hybri-slot
manifold, Bethesda Research Laboratories, Gaithersburg,
MD) total RNA was blotted onto Hybond N+ according to the
manufacturer’s instructions and then probed with a randomly
primed [a-**P]JdATP-labeled BamHI fragment containing the
wheat ribosomal RNA gene (Appels and Dvorak 1982). Fol-
lowing hybridization membranes were washed for 20 min in
2x SSPE at 42° C and then twice for 20 min in 0.2x SSPE
and 0.1% SDS at 42° C. Hybridization was analyzed with a
Phosphorlmager and ImageQuant software (Molecular Dy-
namics, Sunnyvale, CA).

Isolation of bacterial signal molecules (LOS).

R. I bv. trifolii strain ANU845(pRI4003) (Innes et al.
1988), a strain with the multicopy plasmid carrying the nod
gene region, and a strain without this plasmid (R. L bv. trifolii
strain ANU845) were grown in BIII medium (Hollingsworth
et al. 1984), and Nod metabolites were extracted from the
entire culture in water-saturated butanol as described by
McKay and Djordjevic (1993). A 100-pl sample of the extract
was placed on plates and allowed to air-dry before molten F
medium (55° C) (Rolfe et al. 1980) was added and allowed to
set. Ten selected germinated plants were placed on each of
four plates per treatment for each time point, and the plants
were cultured as described above. A 100-ul sample of dried
extract was sufficient to cause root hair curling on the plates
within 24 hr.

cDNA synthesis and cloning.

cDNA was synthesized from 8 ug of total RNA by Super-
Script Reverse Transcriptase (GIBCO BRL, Gaithersburg,
MD); a polyT(17) primer was used, incorporating a BamHI
site and a T3 primer sequence (5-ATTAACCCTCACTA-
AAGGATCC(T);;-3) in a total volume of 25 pl according to
the manufacturer’s instructions. Following the cDNA synthe-
sis, 175 pl of H,O was added. Aliquots (10 ul) of this dilution
were then used directly in a 30-cycle PCR (1 min at 95° C, 2
min at 52° C, and 3 min at 72° C, with a final extension of 15
min at 72° C) with 100 pmol CHS-BAG-2 primer (5’-TCGA-
ATTCCATTGTTGGTTCTGATCC-3’) and 100 pmol Long-
T3 primer (5'-GCTCGGAATTAACCCTCACTAAAGG-3")
in a reaction tube containing 1.5 mM MgCl,, 0.1 mM dNTP,
0.1 mM tetramethylammonium chloride, and 2 U of Tagq
DNA polymerase and the supplied reaction buffer. The CHS-
BAG-2 sequence is homologous to all the known CHS genes
of the subterranean clover cultivar Karridale (J. Weinman,
unpublished data). The products were cloned according to
standard protocols (Ausubel et al. 1987) into pBluescript
SK/KS(+) vectors (Stratagene, La Jolla, CA).
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Sequencing and analysis.

Clones were sequenced with the dye primer PRISM cycle
sequencing kit (Applied Biosystems, Forster City, CA) and
analyzed with an Applied Biosystems 373A instrument. Se-
quence data were analyzed by the SEQ suite of sequencing
programs available at the Research School of Biological Sci-
ences, Australian National University. This includes the GCG
package (Devereaux et al. 1984).
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