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Random transcription fusions with Mu dl(Kan lac) generated three mutants in Rhizobium fredii (strain
USDA 201) which showed induction of I-galactosidase when grown in root exudate of the host plants Glycine
max, Phaseolus vulgaris, and Vigna ungliculata. Two genes were isolated from a library of total plasmid DNA
of one of the mutants, 3F1. These genes, present in tandem on a 4.2-kilobase Hindlll fragment, appear in one
copy each on the symbiotic plasmid and do not hybridize to the Rhizobium meliloti common nodulation region.
They comprise two separate transcriptional units coding for about 450 and 950 nucleotides, both of which are
transcribed in the same direction. The two open reading frames are separated by 586 base pairs, and the 5'
regions of the two genes show a common sequence. No similarity was found with the promoter areas of
Rhizobium trifolii, R. meliloti, or Bradyrhizobium japonicum nif genes and with any known nodulation genes.
Regions homologous to both sequences were detected in EcoRI digests of genomic DNAs from B. japonicum
USDA 110, USDA 122, and 61A76, but not in genomic DNA from R. trifolii, Rhizobium leguminosarum, or
Rhizobium phaseoli. Mass spectrometry and nuclear magnetic resonance analysis indicated that the inducing
compound has properties of 4',7-dihydroxyisoflavone, daidzein. These results suggest that, in addition to
common nodulation genes, several other genes appear to be specifically induced by compounds in the root
exudate of the host plants.

The establishment of the Rhizobium-legume symbiosis
requires that complex biochemical, physiological, and mo-
lecular changes occur in both partners. The most pro-
nounced changes which occur during the formation of nitro-
gen-fixing nodules are the production of nodulins (10, 24),
and the differentiation of rhizobia into nitrogen-fixing bac-
teroids (45). However, many subtle changes also occur
during the early stages of the symbiotic process and likely
involve the induction and repression of a large number of
bacterial and plant genes (29; see references 32 and 46).
While the early periods of the symbiosis have been shown

to be important for nodulation and competition (23), most of
our knowledge about plant-bacterium interactions has been
limited to postinfection events (3). Recently, evidence has
accumulated from several laboratories indicating that some
form of bacterium-plant communication is important for the
early symbiotic steps (3, 4, 7, 8, 13, 14, 17, 18, 29, 37; R. M.
Kosslak, R. Bookland, J. Barkei, H. E. Paaren, and E. R.
Applebaum, Proc. Natl. Acad. Sci. USA, in press). Legume
plants excrete substances which allow Rhizobium species to
nodulate their respective hosts effectively. Although the
exact natures and modes of action of the excreted sub-
stances are unknown, crude soybean root exudates have
been shown to stimulate chemotaxis in Bradyrhizobium sp.
(14), influence lectin binding in Bradyrhizobium japonicum
strains (8), elicit a faster nodulation response in Bradyrhizo-
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bium spp. strain 32H1 (7), cause a phenotypic reversion in
slow-to-nodulate B. japonicum HS111 (18), induce symbio-
sis-associated genes in Rhizobium fredii (29), and increase
the competitiveness of some B. japonicum strains (3). Both
positive and negative interactions of root- or seed-derived
compounds (flavanones, flavanols, flavones, and iso-
flavones) have been shown with the common nodulation
genes of Rhizobium meliloti (28, 30), Rhizobium trifolii (22),
Rhizobium leguminosarum (49), and B. japonicum (Kosslak
et al., in press). Using Mu dl(Kan lac) transcription fusions,
we have identified three R. fredii USDA 201 insertion
mutants which have symbiosis-related genes specifically
induced by soybean root exudate and extract (29). Here we
report on the isolation, cloning, and molecular analysis of
two host plant-inducible operons in one of these mutants and
the characterization of the inducing substance.

MATERIALS AND METHODS
Bacteria, plasmids, and growth conditions. R. fredii USDA

201 and the Mu dl(Kan lac) insertion mutants (3F1, 6A6, and
3B2) inducible by host plant substances have been described
previously (29). Plasmid pACYC184 (11) was used for clon-
ing mutant (pAC3F1) and wild-type (pAC2A4) inducible
genes, and Escherichia coli strains containing these plasmids
were grown on LB medium (26) supplemented with 10 ,ug of
tetracycline per ml and 30 [ig of chloramphenicol per ml,
respectively. The R. fredii USDA 201 cultures were grown at
28°C on YEM (47) or on PPM (35) agar slants. Insertion
mutants were grown on PPM with 50 pg of kanamycin per ml
and 10 jig of naladixic acid per ml. lacZ activity in E. coli
(JM101) was determined on LB medium containing 40 ,ug of
5-bromo-4-chloro-3-indoyl-3-D-galactoside (X-gal) per ml.
DNA and RNA isolation and hybridization. Rhizobium total

DNAs and plasmids were isolated as described previously
(20). Large-scale E. coli plasmid DNA was prepared by the
method of Holmes and Quigley (21), and plasmid mini-preps
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were prepared by the method of Birnboim and Doly (9).
32P-labeled probes were prepared and hybridized to South-
ern blots as previously described (29).

Total RNA from root extract-induced and uninduced R.
fredii USDA 201 and mutant 3F1 (29) was isolated by a
modification of the hot phenol-lysozyme procedure (12).
Rhizobium cultures were induced as described previously
(29). Glyoxylated RNAs (10 p,g) were separated by horizon-
tal electrophoresis in 1.0% agarose gels in circulating 10 mM
sodium phosphate buffer (26). RNA was transferred to
GeneScreen (New England Nuclear Corp., Boston, Mass.)
and hybridized in 50% (vol/vol) formamide-0.02% Fi-
coll-0.02% polyvinylpyrrolidone-0.02% bovine serum al-
bumin-5x SSC (1 x SSC is 8 g of NaCl per liter and 4.4 g of
sodium citrate per liter)-1% sodium dodecyl sulfate-100 ,ug
of denatured salmon sperm DNA per ml. The 32P-labeled
DNA probes were hybridized for 19 to 24 h at 42°C, and
filters were washed at 65° in 2x SSC-1% sodium dodecyl
sulfate.
Exonuclease VII mapping. Mapping of the transcription

start site with exonuclease VII (Bethesda Research Labora-
tories, Inc., Gaithersburg, Md.) was done by hybridizing
approximately 40,000 cpm of the 5'-32P-end-labeled 651-
base-pair (bp) HindIII-XhoI fragment of pAC2A4 to 20 ,ug of
RNA from root exudate-induced USDA 201. Hybridizations
were done at 51°C for 18 h in 10 ,ul of 0.04 M PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] (pH 6.4)-0.4 M
NaCl-2 ,ug of denatured calf thymus DNA-1 mM EDTA in
80% formamide (5, 26). The mixture was diluted in 100 ,ul of
ice-cold buffer (0.3 M KCl, 10 mM Tris hydrochloride [pH
7.6], 10 mM EDTA, 10 mM P-mercaptoethanol, 0.139 U of
exonuclease VII) and incubated at 37°C for 40 min. The
reaction was stopped by adding 12 ,ul of 7.5 M ammonium
acetate and 10 jig of tRNA, and the nucleic acids were
precipitated by ethanol. After washes with 70%o ethanol, the
pellet was dissolved in formamide containing 20 mM EDTA
and 0.03% each of xylene cyanol and bromophenol blue and
electrophoresed on a 4% polyacrylamide gel with Tris-
borate-EDTA buffer containing 8 M urea.

I-Galactosidase assays. P-Galactosidase induction assays
in microtiter plates were done as described previously (29).
Assays for induction by commercially available isoflavones,
flavones, flavanones, and flavanols were done in test tubes in
TM medium (22) at final concentrations of 0.1 and 1.0 p.M
with mutant 3F1. The compounds were prepared as 1 mM
stocks in 100% ethanol, and logarithmic-phase cultures were
induced for 24 h and assayed by the chloroform-sodium
dodecyl sulfate procedure of Miller (27). Three replicate
cultures were assayed for each compound tested, and the
values presented are in ,-galactosidase units. Luteolin,
genistein, and 4',7-dihydroxyisoflavone (daidzein) were ob-
tained from ICN Biomedicals; apigenin, naringenin, and
biochanin A were obtained from Aldrich Chemical Co., Inc.
(Milwaukee, Wis.); chrysin and quercetin were from Sigma
Chemical Co., (St. Louis, Mo.); and formononetin was
obtained from Spectrum Medical Industries (Los Angeles,
Calif.). The 4',7-dihydroxyflavone was kindly provided by
Agrigenetics Advanced Science Co. (Madison, Wis.).

Preparation and purification of inducing substance. Plant
extracts were prepared and assayed as described previously
(29) from Glycine max cv. Peking roots, seeds, seed coats,
leaves, epicotyls, hypocotyls, and cotyledons. Although the
inducing substance is present in root exudates and root
extract, concentrated seed extracts were used to obtain
larger quantities of the inducing compound. G. max cv. Prize
seeds (1 kg) were soaked in water overnight and ground to a

fine slurry in a Waring blender. The mixture was filtered
through several layers of cheesecloth, adjusted to a final
ethanol concentration of 70% (vol/vol), and allowed to
precipitate for 2 to 3 h at -20°C. The suspension was
centrifuged at 7,000 x g for 10 min at 4°C, and the resulting
supernatant was concentrated 10-fold by rotary evaporation
at 60°C. The concentrate was dialyzed overnight against 2
liters of 70% (vol/vol) ethanol, using a 1,000-molecular-
weight-cutoff Spectropor dialysis membrane (Spectrum).
The dialysate was concentrated fivefold, adjusted to pH 1.0
with concentrated H2SO4, and extracted with an equal
volume of anhydrous diethyl ether. The ether phase was
extracted with 0.5 volume of 10 mM NH40H and adjusted to
pH 10.0 with concentrated NH40H. The aqueous phase was
then concentrated approximately fivefold by evaporation
and filtered through a nylon filter (0.45-p.m pore size; Fisher
Scientific Co., Springfield, N.J.). The concentrate was frac-
tionated by high-pressure liquid chromatography (HPLC)
with a reverse-phase C-18 column with a flow rate of 0.3
ml/min and a 30 to 70o methanol-water gradient. Absor-
bance was measured at 254 nm, and fractions were assayed
in microtiter plates for inducing activity with the Mu dl(Kan
lac) insertion mutant 3F1 (29). A peak having inducing
activity was converted to the trimethylsilyl (TMS) deriva-
tives by heating at 50°C for 10 min with 50 ,u1 of Tri-
Sil-bovine serum albumin (Pierce Chemical Co., Rockford,
Ill.). A 1-,ul sample was analyzed in electron impact mode
with a LKB 9000 gas chromatograph-mass spectrometer,
using the gas chromatography inlet equipped with a 30-meter
DB-1 Megabore column and temperature programmed from
150 to 290°C at 5°C/min. The active peak was also analyzed
by nuclear magnetic resonance spectroscopy.
DNA-sequencing analysis. The 2.86-kilobase (kb) HindIIl-

SalI fragment from pAC2A4 was treated with T4 DNA
polymerase to produce overlapping fragments of convenient
length (15) and sequenced by the dideoxy method of Sanger
(36). DNA sequences in the putative promoter regions of two
root exudate-inducible genes were compared with each other
and with the known symbiotic promoters of B. japonicum,
R. meliloti, R. trifolii, and Klebsiella pneumoniae nif genes
(see references 6 and 38) and symbiotic nodulation genes (34,
39, 41, 42) by using Rapid Similarity Search computer
programs (48).

RESULTS
Isolation of host plant-inducible genes from a random

transcription fusion mutant, 3F1. Random Mu dl(Kan lac)
transpositions in R. fredii USDA 201 resulted in a mutant
(3F1) which exhibited 3-galactosidase activity when grown
in the presence of root exudate from its hosts (29). Southern
hybridization analysis revealed that the insertion in mutant
3F1 had occurred in the 190-megadalton indigenous symbi-
otic plasmid (data not shown). EcoRI-digested total plasmid
DNA of this mutant was cloned into the vector pACYC184,
and tetracycline-resistant (Tc) transformants were screened
for lacZ activity. One of the positive transformants had a
plasmid, pAC3F1, which contained a 5.3-kb insert (Fig. 1A).
When this plasmid was used as a probe to Southern blots of
EcoRI-digested plasmid DNA from USDA 201 and mutant
3F1, it hybridized to a 5.3-kb fragment from mutant 3F1 and
a 6.0-kb fragment from USDA 201 (Fig. 2A). In addition,
pAC3F1 also hybridized to a lacZ probe (data not shown),
indicating that the insert in pAC3F1 contains the Mu dl(Kan
lac)-Rhizobium junction fragment from mutant 3F1.
To obtain the wild-type gene corresponding to this locus,

USDA 201 plasmid DNA was digested with HindIll and
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FIG. 1. Restriction maps and physical relationship of pAC3F1 and pAC2A4. The EcoRI insert from a USDA 201::Mu dl mutant (3F1)
plasmid library, pAC3F1 (A), is shown with respect to the wild-type Hindlll insert (B) isolated from pAC2A4. The site of Mu dl(Kan lac)
insertion in mutant 3F1 is indicated by dotted lines. The hatched boxes in panel C indicate the positions of the two root exudate-inducible
genes, and the arrows indicate the direction of transcription. Fragments used as probes for Northern hybridizations (C) (see Fig. 3) are listed
(a to c).

cloned into plasmid pACYC184. A plasmid (pAC2A4) from
one of the chloramphenicol-resistant (Cmr) and Tcs trans-
formants was found to have a 4.2-kb fragment which hybrid-
ized to the pAC3F1 EcoRI insert. Plasmid pAC2A4 hybrid-
ized to two bands in mutant 3F1, one of which was the same

5.3-kb fragment hybridizing to the pAC3F1 probe (Fig. 1B
and 2B). The large EcoRI fragment hybridizing in mutant
3F1 (Fig. 2B) corresponds to the other Mu dl(Kan lac)
junction fragment. When pAC2A4 was used as to probe
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FIG. 2. (A and B) Southern hybridization of plasmid DNA from
USDA 201 and Mu dl mutant 3F1. DNAs were digested with EcoRI,
electrophoresed through a 0.8% agarose gel, blotted to GeneScreen,
and sequentially hybridized to 32P-labeled pAC3F1 (A) and pAC2A4
(B) probes. Lanes: 1, USDA 201; 2, 3F1. (C) Hybridization of
USDA 201 plasmid and genomic DNA with pAC2A4. Plasmid and
genomic DNA from USDA 201 was digested with HindIII (lanes 1
and 2, respectively) and with EcoRI (lanes 3 and 4, respectively) and
electrophoresed on a 1.0% agarose gel. The gel was blotted to
GeneScreen and hybridized with 32P-labeled pAC2A4 plasmid
DNA.

EcoRI- and HindIII-digested USDA 201 genomic and plas-
mid DNAs, a 4.2-kb HindIII fragment and a 6-kb EcoRI
fragment hybridized (Fig. 2C). This indicates that these
sequences are not reiterated in the R. fred&i genome and that
they are present in one copy on the symbiotic plasmid.
Similarly, in two other inducible mutants (3B2 and 6A6 [29]),
Mu dl(Kan lac) was also found to be present on the
190-megadalton symbiotic plasmid, but in different locations
(data not shown).

Transcription analysis. RNA from USDA 201 and mutant
3F1 grown in the presence of the inducer hybridized strongly
to the pAC2A4 probe (Fig. 3A). In addition to an RNA
species common to both strains (approximately 450 nucleo-
tides), USDA 201 also has a hybridizing RNA species of
approximately 1,000 nucleotides in length. To determine
what region of the 4.2-kb HindIlI fragment codes for each of
these transcripts, we hybridized RNA blots to different DNA
1fragments from pAC2A4. Results from these hybridizations
(Fig. 3B; see also Fig. 1C) indicated that there are two
separate transcripts coded for by the 4.2-kb region contained
in pAC2A4. The larger transcript is the one that is inter-
rupted by the Mu dl(Kan lac) insertion in the mutant 3F1
(Fig. 1). The second transcript originates and ends within the
1.4-kb AvaI-AvaI fragment, suggesting that it is a product of
another promoter. The RNA analysis also demonstrated that
both transcripts are induced to about the same extent in
response to root exudate or root extract (Fig. 3A).

Localization of inducible promoter regions. To localize the
promoter region upstream from the Mu dl(Kan lac) inser-
tion, we hybridized the small EcoRI-HindIII and HindIII
fragments from pAC3F1 (Fig. 1) to Northern blots of RNA
isolated from root extract-induced USDA 201. Only the
HindIII fragment hybridized to the larger transcript (data not
shown). To localize the promoter region more precisely, the
651-bp HindIII-XhoI fragment from pAC2A4 was 5' end
labeled with 32P, hybridized to RNA from root exudate-
induced USDA 201, and subjected to digestion with exonu-
clease VII. The size of the protected fragment (Fig. 4)
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FIG. 3. (A) Northern hybridization analysis of root extract-
induced RNA from USDA 201 and mutant 3F1. RNA was electro-
phoresed, blotted to GeneScreen, and hybridized to 32P-labeled
pAC2A4 DNA. Lanes contain RNA from USDA 201 grown in PPM
medium only (lane 1), USDA 201 grown in PPM plus root extract
(lane 2), mutant 3F1 grown in medium only (lane 3), and mutant 3F1
grown in medium plus root extract (lane 4). E. coli RNA was used as
the reference for size. (B) Northern hybridization analysis of root
extract-induced RNA from USDA 201. Northern blots were hybrid-
ized to different 32P-labeled DNA probes from pAC2A4. Lane 1,
Uninduced (control); lanes 2 to 5, induced RNA: lanes 1 and 2
hybridized with pAC2A4 probe, lane 3 with probe b, lane 4 with
probe a, and lane 5 with probe c (probes as shown in Fig. 1).

stance, we attempted to characterize the active compo-
nent(s). The promoter-inducing substance is heat stable and
suffered no apparent loss in activity after treatment of 121°C
for 15 min. In addition, the active component was acid and
alkali stable and survived incubation at 50°C for 30 min at pH
1.0 or 14.0. The active component(s) did not appear to be a
glycoprotein, since it did not bind to soybean agglutinin,
wheat germ lectin, pea lectin, ulex lectin, or concanavalin A.
Fractionation on DEAE suggested that the active compo-
nent is relatively negatively charged as it was not eluted from
the column until an NaCl concentration of 1 M at pH 7.5.
The DEAE-eluted active component did not react with
ninhydrin reagent and thus does not appear to contain any
free amino groups. It was dialyzable and readily passed
through a 1,000-molecular-weight-cutoff membrane. Chro-
matography on a Bio-Gel P2 column indicated that the
promoter-inducing compound has an apparent molecular
weight of approximately 300.

Results in Table 1 show that while the majority of induc-
tion activity was in soybean roots, the compound(s) was also
present in extracts from seed coat and from seed devoid of
its coat. While virtually no activity was found in the leaf
fraction, a significant amount was found in hypocotyl, coty-
ledon, and epicotyl.
To purify the inducing compound, we fractionated a

large-scale ethanolic-ether extract from G. max seeds by
HPLC with a reverse-phase C-18 column with a water-
methanol gradient. Two large peaks of activity were found in

1 2 3 4
localized the transcription start site in an area 180 bp from
the HindIII site. The initiation position of the second tran-
script was not determined.

Structures of two host-inducible genes. To determine the
sizes of the open reading frames and whether DNA se-
quences proximal to the start points of both transcripts share
any common features, we sequenced the 2.86-kb HindIII-
Sail fragment from pAC2A4. Two open reading frames
corresponding to the two inducible transcripts were found
(Fig. 5). The first open reading frame corresponding to the
larger RNA transcript is 296 codons and starts 43 bp from the
transcription initiation site. The second open reading frame
begins 1,517 bases from the first transcription initiation site
and consists of 149 codons. Data from transcriptional map-
ping, orientation of the Mu dl insertion, exonuclease VII,
and sequence analysis indicate that both root exudate-
induced messages are transcribed in the same orientation.
Comparison of the nucleotide sequences upstream from both
inducible genes indicated that they share a region of homol-
ogy beginning at positions -128 and 1480, respectively,
including a sequence showing significant homology (Fig. 5,
underlined) having 82% consensus. A homology matrix
performed on the entire 2.86-kb sequence indicated that no
other areas had any appreciable homology to each other. A
comparison of the nucleotide sequences upstream from both
of the root exudate-inducible genes with promoter sequences
from K. pneumoniae and R. trifolii nijlDK (38) and nijLA
(16), R. meliloti nifHDK (6), B. japonicum nifH and nifDK
(1), or any nodulation genes (34, 39, 41, 42) revealed no
apparent sequence homology. In addition, there was no
sequence homology with the coding regions of any of these
genes.

Promoter-inducing host compound. To determine the na-
ture of the plant-derived Rhizobium promoter-inducing sub-

FIG. 4. Exonuclease VII mapping of the larger root exudate-
inducible transcript from USDA 201. The 5'-12P]ATP-labeled 651-
bp HindIII-Xhol fragment from pAC2A4 was hybridized to induced
RNA and digested with exonuclease VII. Fragments were electro-
phoresed on a 4.0% polyacrylamide sequencing gel. Lanes: 2, probe
alone; 3, probe plus 10 jig of RNA without exonuclease VII; and 4,
probe hybridized with RNA and treated with exonuclease VII.
Arrowhead indicates the position of the protected fragment, and
lane 1 shows the Ml3mpll sequence ladder used as a size marker.
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-170 -160 -150 -140 -130 -120 -110 -100 -90 -80 -70 -60 -50

-40 -30 -20 -10 1 10 20 30 40 45 60 75
TAMC~ T7CCAAOAATCACACACOAICGACCAiGTWGCC7rGM ATG CAC [TTA GAC AGA TOG GAT ¶1C MAC GCXX OGT TOA TICC

Met His Leu Asp Arg Ser Asp Ser Asn Gly Gly Ser Ser
90 105 120 135 150 165 180

AGA TAT ACC CTC GAT CAC GMA CCT CCG GTC GTG CCG ATT GAT CrG MAG ACG TTC AGG AGG GAG ATC AOG AMA TN' CAT GOC MAA GMA ATO ACT GAC ATO GCC GAC
Arg T1yr Thr Leu Asp His Glu Pro Pro Val Val Pro Ilie Asp Leu Lys Thr [Phe Arg Arg Glu Ilie Arg Lys Phe His Gly Lys Glu Ilie Thr Asp Ilie Ala Asp

195 210 225 240 255 270 285
MAT (CA CAG GMA TAT [CA GAC TTC GTOICC(MCA MAA GCC AGA COC ACT (GM GAC GTT¶ GCT CAG CMA TAC GXC ATI COGT COG GAT TOT GAG MAC GCT (CA TAT TTC
Asn Pro Gin Glu Tyr Ser Asp P'he Val Ser Ala Lys Ala Arg Arg Thr Ala Asp Val Ala Gin Gin Tyr Gly Ilie Arg Arg Asp Ser Glu Asn Ala Arg Tyr P'he

300 315 330 345 360 375 390
AGr TAC GAG Ti GGA MAC GAG TOT GTT¶ GGA CIG ATG AGA ACO GMA GGT GOG TIC A(C ATG GMA GMA GAG TXC GMA TOC AMA AGT TOG AGA GAC CMA TN' OCT GGT
Ser Tyr Gin Leu Gly Asn Gin Cys Val Gly Leo Met Arg Thr Glu Gly Gly Phe Ser Met Glu Glu Glu P'he Glu Ser Lys Ser Trp Arg Asp Gin P'he Pro Gly

405 420 435 450 465 480 495
CAC CAA GAG ATT' ACC ¶1C A(C GTO GAT CTTf CAAGMT CCCXAT CCT CMC GTT GAG MAT (CA GGC GAT ATT CTO CIC GAG (CA CCA ACT TOG GAG GGA COGG CGA ACG
His Gin Glu Ilie Thr Ser Thr Val Asp Leo Gin Val Ala His Pro Leu Val Glu Asn Ala Gly Asp Ilie Leu Leu Glu Ala Pro Thr Ser Gio Gly Arg Arg Thr

510 525 540 555 570 585 600
AC GTT' (CT GMA CTG (CG COC GGA MAA CXC AGA GGC GMA A(C CGT (CA GCG ATG ATO GGG T1I'T GTI¶ GMA GM GAT GAT TGC GAC ATG G(CC CTT GAC (CC MAA GAG
Thr Val Ala Glu Leu Ala Arg Gly Lys Pro Arg Gly Glu Ser Arg Ala Ala Met Met Gly Phe Val Glu Val Asp Asp Cys Asp Met Val Leo Asp Pro Lys Gin

615 630 645 660 675 690 705
GAT OCC GAC MAA TOG ACG CAG ACC AGT GCC GCT GMATOG CGG CGT AMA GAC MAA OCG CM CTC TAT C(XC COG MAA TT¶T GAG GAT GCT GMA ACC GCA GAG TOT TCA
His Pro Asp Lys Trp Th'r Gin Thr Ser Ala Ala Glu Trp Argi Arg Lys Asp Lys P-ro Pro Leo Tyr Leo Arg Lys Phe Glu Asp Ala Glu Thr Ala Gin Cys Ser

720 735 750 765 780 795 810
ACC AMA GCT GCT CIT ACG AGA CTT ACG MAG ATO ACT TOA TOT GAC COG AN' CIC GCC AGA TN' GGT COC GAC GGC COG GCC (CA WTC GCC MAG ANC GXC OCT GAT
Thr Lys Ala Ala Leo Thr Arg Leo Thr Lys Met Thr Ser Cys Asp Arg Ilie Leo Ala Arg Phe Gly Arg Asp Gly Arg Ala Pro Ser Ala Lys Thr Gly Pro His

825 840 855 870 885 900 915
GTO ATG GAC AOG GMA CGA MAG A(C GTT' ACA MAC TOGC CAC OGCG CTA ACA GCG ATA CXC ATIr COG TOT TrA GOGC OGA MAG GAG CN' GMA CXC AGG G'N' TO TTG AGA
Val Met Asp Arg Glu Arg Lys Ser ValI Thr Asn Cys His Ala Leo Thr Ala Ilie Pro Ilie Arg Cys Leo Gly Ala Lys Glu Leo Glu Arg Arg Val Ser Leo Arg

930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050
CCA TOG TAG TAk'ni~ O TGT CGACACOGCATGGCGA
Pro Ser *

1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330
TTAGCu'NTOTALG(CGTL'OMA.LLL~

1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460 1470
G¶1¶CAGCACGTTTATATOCAATAOGCL.IimiOOOT'NGAOTGAG1AMCAAOIA1rCTPOcGMGCOATOGOTGrrGGOTiGCOA

1490 1500 1510 1516 1525 1540 1555 1570 1585
TI¶1JCTOCATOGCGTNIC1rCC(CC=AMAGGGGGGC ATO GAC ATT CGA cTG GAC AOG Co CO OGCG ATT' GAG OGCG G OC CT CMGGT ACA ACA OGC COG ATO GCG GGA GCG

Met Asp Ilie Arg Leo Asp Ser Arg Arg Ala Ilie Gin Ala Gly Pro Leo Val Thr Thr Gly Arg Ilie Ala Giy Ala
1600 1615 1630 1645 1660 1675 1690

GCG TT¶A COG ATO (OCC CGA (CA TN' CTG OGGG ATO GCT COGC AGG CTG CMA TMC MAA GG MG(CC T7C GMA CTA (CT CN' CGA TOG GTT GCG CIG CMA CTT ATO MAC
Ala Leo Arg Met Ala Arg Pro ['he Leu Gly Ilie Ala Arg Arg Leo Gin P'he Lys Ala Lys Ala [Phe Glu Leo Ala Leo Arg Ser Val Ala Leo Gin Leo Met Asn

1705 1720 1735 1750 1765 1780 1795
GAT GCC ATO (CT GAT (CC GAC GMA (CT ATO GMA GMA ACT GMA GAG GAT (CT GAC (CC CMG GGT G(C CCC CCT GAG GAG MGT COT (CC GTN' AGT GAC GGC ACA ATT
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FIG. 5. DNA sequence of the host-inducible genes located on the 2.86-kb Hindlll-Sall fragment of pAC2A4. Stop codons are indicated
by the asterisk (*). Initiation site of the first gene is at positionl +1. The area upstream of the start site of the first transcript was compared
with areas proximal to the second transcript and found to contain a common sequence (underlined).

the first fractionation. The firs't peak eluted with 100% water, spectrum of the minor peak is shown in Fig. 6 and was
while the second peak eluted between 40 and 60% methanol. identical to the mass spectrum obtained from an authentic
The second peak was repurified by HPLC with the same sample of daidzein (4' ,7-dihydroxyisofiavone) similarly ana-
columni and solvent gradient, and the peak having induction lyzed as the TMS derivative. In addition, the retention ti'me
activity was analyzed by gas chromatography-mass spec- of the daidzeini standard was identical to that of the 254-
trometry. The gas chromatography-mass spectrometry re- molecular-weight component. The TMS derivatives of the
suilts indicated that, the HPLC peak was comnposed of two seed-derived daidzein and synthetic 4' ,7-dihydroxyiso-
principal compounds present in a ratio of roughly 10:1 (data flavone each showed the molecular ion 'at m/z = 398 and
not shown). The more, abundant of the two compounds had major fragmentation ions at 383 and 184 (Fig. 6). These
an underivatized molecular weight of 302 and contain'ed spectra are identical to those obtained by Porter et al. (31).
three free hydroxyl groups; the other compound had an Nuclear magnetic resonance analysis indicated that the B
underivatized molecular weight of 254 with two free hy- ring had only a single hydroxyl substitution at the para
droxyl groups. The less abundant of the two compounds position and also suggested a compound similar in structure
(molecular weight of 254) was highly aromatic and had a to 4' ,7-dihydroxyisofiavone (data not shown).
mass spectrum simnilar in many respects to that of daidzein, Synthetic daidzein and several other commercially avail-
an isofiavone which was analyzed in parallel. The mass able isofiavones, fiavones, and flavanones were tested for
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FIG. 6. Electron impact mass spectrum of the bis-TMS derivative of 4',7-dihydroxyisoflavone isolated from soybean seed extract. The
spectrum is identical to the mass spectrum for the TMS derivative of synthetic 4',7-dihydroxyisoflavone.

induction activity at two concentrations (0.1 and 1.0 ,uM).
Some of these compounds have previously been shown to
induce the common nodulation genes of several fast-growing
rhizobia (30, 33, 41, 42, 49) and B. japonicum (Kosslak et al.,
in press). Of the compounds tested at a 0.1 ,uM concentra-
tion, genistein (an isoflavone) and apigenin (a flavone) in-
duced mutant 3F1 to an extent approximately equal to that of
daidzein (Table 2). The flavone dihydroxyflavone also in-
duced this gene at a lower level, while the isoflavones
formononetin and biochanin A, the flavones luteolin and
chrysin, the flavanone naringenin, and the flavanol quercetin
showed little or no induction activity. However, when tested
at a 1.0 ,uM concentration (Table 2), several of the com-
pounds previously showing little or no activity induced
mutant 3F1 to levels comparable to that induced by daidzein.
Taken together, the analytical and biological data sug-

gested that one of the active ingredients in the root exudate

TABLE 1. Distribution of promoter-inducing substance in
G. max cv. Peking plantsa

Plant part ,B-Galactosidase % Relative

activityb activityc
Roots 87.4 100.0
Leaves 3.9 4.4
Hypocotyls 12.5 14.3
Cotyledons 9.7 11.0
Epicotyls 9.9 11.3
Seed coats 18.2 20.8
Seedsd 43.7 50.0

a Plants were 1 week old at harvest.
b A420/mg of protein, assayed as previously described (29).
c Relative to that of roots as assayed with USDA 201::Mu dl(Kan lac)

mutant 3F1.
d Seeds were devoid of coats.

or root extract responsible for promoter induction is 4',7-
dihydroxyisoflavone or its derivative.

Symbiotic phenotype ofMu dl insertion mutant 3F1. It was
previously reported (29) that the Mu dl(Kan lac) insertion in
the induction mutant 3F1 did not cause a loss of nodulating
ability and hence that this insertion did not occur in any
essential nodulation genes. The induction of these genes by
host plant substances suggests that the insertion of Mu dl
disrupted symbiotic genes with no apparent phenotype. In

TABLE 2. Induction of Mu dl(Kan lac) mutant 3F1 by
flavanoids

Units of ,3-galactosidase activitya
Compound at a compound concn of (>LM):

0.1 1.0

Isoflavones
Daidzein 263 ± 4 480 ± 9
Genistein 126 ± 10 350 ± 3
Formononetin 25 ± 2 56 ± 4
Biochanin A 26 2 32 3

Flavones
Apigenin 282 ± 19 439 ± 32
4',7-Dihydroxyflavone 94 ± 12 390 ± 14
Luteolin 28 ± 2 282 ± 5
Chrysin 42 ± 4 281 ± 17

Flavanone (naringenin) 28 ± 2 195 ± 16

Flavanol (quercetin) 26 ± 2 41 ± 10

Controlb 20 ± 1
a Values represent the mean ± standard deviation of three replicates at

each concentration tested (0.1 and 1.0 FM).
b Control was induction medium plus ethanol without added inducer.
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addition, the two host-induced genes remain transcription-
ally active throughout the process of symbiosis. Equal
concentration, paired competition studies (23) between the
mutant and wild-type strains of USDA 201 indicated that the
induction mutant is severely out-competed by the wild-type
parent strain and only occupies about 1% of the nodules
formed. Since two other root substance-inducible mutants
behaved like 3F1 in competition assay and since all three
have Mu dl inserted into different EcoRI fragments of the
Sym plasmid (data not shown), it is possible that this
phenotype is due to some other common gene(s) being
affected (see reference 29).

DISCUSSION

Early bacterium-plant communication is considered to be
essential for the establishment of an effective legume-Rhizo-
bium symbiosis. Using Mu dl(Kan lac)-generated transcrip-
tion fusions, we previously demonstrated (29) that soybean
root exudate-root extract induces several promoters of sym-
biosis-related genes in Rhizobium species. We isolated the
region of DNA around the Mu dl insertion from one of the
mutants and found two genes, in tandem, present on a 4.2-kb
Hindill fragment of the Sym plasmid of USDA 201. Both of
these genes are induced at the same level by host compounds
and are transcribed in the same direction.
The area upstream of the transcription start site of the first

gene and the sequence upstream to the open reading frame of
the second gene contain a common sequence (Fig. 5). This
sequence was not found in the promoter regions from K.
pneumoniae ni.fHDK (40) and nifLA (16), R. trifolii nifHDK
(38), R. meliloti nifHDK and symbiotic promoters P1, P2,
P3, and P4 (6), B. japonicum nifH and nifDK (1), or any
known nodulation genes (34, 39, 41, 42).
The inducing substance(s) was found not only in roots but

also in seeds, hypocotyls, epicotyls, cotyledons, and seed
coats; however, very little or none was found in leaves. If
material leaching from seeds and seed coats is capable of
inducing these genes, it may provide for very early transcrip-
tional activation and priming of Rhizobium cells for infection
of a suitable legume host. Since these sequences are induced
only by soybean, kidney bean, and cowpea root exudates-
root extracts (the hosts nodulated by R. fredii USDA 201),
we argue that these sequences may be involved in the
plant-specific control of R. fredii gene expression.
One of the compounds responsible for the induction of the

genes in mutant 3F1 containing Mu dl was found to have the
properties of daidzein, an isoflavone. Recently, Kosslak et
al. (in press) reported that daidzein is also responsible for
inducing the common nodulation genes of B. japonicum
strains. Our results in Table 2 suggest that, like common nod
gene induction in B. japonicum, a hydroxyl group at the C-7
position on the A ring of the tested flavanoids is sufficient for
inducing genes in mutant 3F1. It is interesting to note that
daidzein also acts as an inhibitor for common nod gene
expression in R. legluminosarum (17). Daidzein has previ-
ously been reported to be present in soybean root extracts
(31) and root exudate (2), and a glucoside of daidzein occurs
in soybean meal (see reference 19). In fact, most isoflavones
present in legume species have one or more sugars attached,
the position of which may provide a specificity of interac-
tion. Furthermore, the glycosylated form is water soluble, as
is the compound found in root exudate, while daidzein is
soluble only in alcohol and ether. The two forms may be
present in the soybean seed extract eluting as two different
peaks on the C-18 HPLC column.

The exact biological function of the root exudate-inducible
genes is unknown, and amino acid sequence comparison of
the proteins encoded by these two genes with the protein
data base of the National Biomedical Research Foundation
by using a FASTP computer program (25) showed no signif-
icant homologies with known proteins. Since in two other
Mu dl(Kan lac) induction mutants (3B2 and 6A6) the site of
insertion was in different genes on the symbiotic plasmid, a
number of host-induced genes may exist in Rhizobium
species. The exact role of these host-induced genes must
await further analysis.

Chemical communication between a microbe (pathogen
[43] or symbiont) and a host plant may provide specificity,
competitive advantage, or transient expression of genes
involved in such interactions. This appears to be a two-way
phenomenon as observed in the production of thick short
roots by Rhizobium species treated with pea root exudate
(44).
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