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Five regions of the Bradyrhizobium japonicum genome, which regions were deleted. The deletion strains were examined for
are transcribed at high levels in nitrogen-flixing soybean (Glycine symbiotic effectiveness and were found to be indistinguishable
max) nodules, were identified. None of these regions contained from the wild-type strain. Transcription of the cloned regions
previously identified genes (e.g., nif, nod, and fix genes) that are under a variety of physiological conditions and in several defined
known to be essential for development of functional nitrogen- mutant B. japonicum strains was also examined. The transcrip-
fixing nodules. To assess the role of these regions in the develop- tional start sites for one pair of divergent transcripts were deter-
ment of the B. japonicum-soybean symbiosis, we cloned and used mined; the promoters do not contain any of the conserved se-
them to construct B. japonicum strains, in which large DNA quences found in B. japonicum genes involved in symbiosis or
segments (2.0-6.8 kilobases) containing the highly transcribed nitrogen metabolism.

Additional keywords: bacteroids, differential gene expression.

The development of a successful symbiotic relationship
between the nitrogen-fixing bacterium Bradyrhizobium
japonicum (Kirchner) Jordan, and its host, Glycine max
(L.) Merr. (soybean), involves a complex series of events
in both organisms. A set of plant gene products (nodulins)
are produced in developing soybean root nodules and not
in uninfected roots (as reviewed in Nap and Bisseling 1990).
Similarly, a number of gene products have been shown
to be present in bacteroids, the fully differentiated form
of the bacterium, and not in free-living B. japonicum cells
(Verma et al. 1986). The extent to which the developmental
program in the bacterium is controlled at the level of tran-
scription is not completely understood. Although the tran-
scription of bacterial genes that encode the subunits of
the nitrogenase enzyme is highly induced during nodule
development (Corbin et al. 1982; Gubler and Hennecke
1987), other bacterial genes essential for proper develop-
ment of nitrogen-fixing nodules (e.g., nod genes) are
expressed at low levels (Mulligan and Long 1985; Kosslak
et al. 1987). In a study of gene expression in B. japonicum
bacteroids, we used differential hybridization techniques
to isolate DNA sequences that are expressed at higher levels
in bacteroids than in cells grown in culture (Scott-Craig
et al. 1991). The objective of this study was to ascertain
if these B. japonicum genes, identified by their transcrip-
tional regulation during nodule development, were neces-
sary for the development of an effective symbiosis. Five
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regions of the B. japonicum genome, which contained such
genes, were subcloned; B. japonicum strains, from which
these regions had been deleted, were constructed. The fine
structure of the promoters of two divergent transcripts from
one region was determined.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacterial growth condi-
tions. Bacterial strains and plasmids are listed in Table
1. B. japonicum was grown at 300 C in YEM (0.04% yeast
extract [w/v], 1% mannitol [w/v], 3 mM K2 PO4, 0.8 mM
MgSO 4 , 1.1 mM NaCl) or in YEGG (YEM with 0.5%
sodium gluconate and 0.1% sodium glutamate replacing
the mannitol). The minimal medium was described by
Manian and O'Gara (1982) and contained xylose at 0.3%
(w/ v). For the low oxygen experiments, B. japonicum strain
BJ1 lOd was grown in YEM or YEM plus 10 mM KNO3
in 10-L fermenters sparged with a mixture of 0.2% oxygen
(v/v) and 99.8% nitrogen (v/v) as described (Adams and
Chelm 1988). For the nitrogen limitation experiments,
BJ1 lOd was grown in minimal medium with 1 mM NH4 Cl
as the sole nitrogen source as described (Carlson et al.
1987).

Manipulation of nucleic acids. Southern hybridizations,
colony hybridizations, and isolation of plasmid DNA were
carried out as previously described (Adams et al. 1984).
Total genomic DNA was isolated by phenol extraction
(Marmur and Doty 1962). The cosmid library of BJl lOd
DNA in vector pLAFRl was described by Adams et al.
(1984). The isolation of total bacterial RNA, cDNA synthe-
sis, and the removal of ribosomal cDNA sequences from
the cDNA were performed as described (Scott-Craig et
al. 1991). We prepared and hybridized slot blots of RNA
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by using the method of Schloss et al. (1984). We transferred
RNA samples to cellulose nitrate by using a Minifold II
Slot-Blotter (Schleicher & Schuell, Keene, NH). The hy-
bridization signals were quantitated by using a Model 300
Series Computing Densitometer (Molecular Dynamics,
Sunnyvale, CA).

Gene-directed mutagenesis. Gene-directed mutagenesis
was performed as described by Guerinot and Chelm (1986).
Seven different plasmids containing B. japonicum DNA
inserts, in which the central portion had been deleted and
replaced by the neomycin phosphotransferase (nptlf) gene,
were constructed in Escherichia coli (Migula) Castellani
and Chalmers; standard recombinant DNA methods
(Maniatis et al. 1982) were used. These plasmids were mated
into B. japonicum strain BJl lOd, and kanamycin-resistant
exconjugants were screened by colony hybridization for
the absence of vector (pBR322) sequences.

Plant tests, acetylene reduction assays, and poly-j3-
hydroxubutyrate (PHB) determinations. The ability of the
mutated B. japonicum strains to form an effective symbiosis
with soybeans (G. max'Amsoy') was assessed as described
(Guerinot and Chelm 1986). Six to eight nodules from each
plant were then surface-sterilized, and the resident bacteria

were extracted and checked for phenotype as described
by Guerinot and Chelm (1986). PHB was extracted from
frozen B. japonicum nodules by the method of Wong and
Evans (1971), and the dry weight was determined by the
method of Law and Slepecky (1961).

DNA sequence and nuclease protection analysis. A 1,000-
bp PstI-HindIII B. japonicum DNA fragment from plasmid
pBJ216 was cloned into vector pUC8 to make plasmid
pBJ296. A set of nested deletions was generated by using
exonuclease BAL-31 as described by Poncz et al. (1982).
The set was ligated into the M13 vector mpl9 and trans-
formed into E. coli strain JM1O1. Single-stranded phage
DNA was purified as described by Messing (1983). The
nucleotide sequence of the 1,000-bp B. japonicum DNA
fragment was determined by the dideoxy chain termination
method of Sanger et al. (1977) as described in the manual
published by Amersham (1983). For nuclease protection
analysis, single-stranded DNA probes were synthesized by
primer extension as described by Holben et al. (1988). The
215-bp AccI-StyI and the 272-bp StyI-SalI fragments iso-
lated from plasmid pBJ296 were also used to prepare end-
labeled single-stranded DNA probes as described by Adams
and Chelm (1984). We used both types of probes in S1

Table 1. Bacterial strains and plasmids used in this study

Strain
or plasmid

Escherichia coli
ED8654
JM83
JMIO1

Bradyrhizobium japonicum
BJI lOd
BJ27147

B. japonicum"
BJ241
BJ242
BJ243
BJ261
BJ281
BJ282
BJ283

Plasmids
pBJ33
pBJ53A
pBJI 10
pBJ 142
pBJ196A
pBJ214
pBJ216
pBJ227
pBJ241
pBJ242
pBJ243
pBJ261
pBJ270
pBJ273
pBJ282
pBJ283
pBJ285
pBJ296
pBR322
pKC7
pRL425
pUC8

Relevant properties Source

met gal hsdR supE supF
Host for pUC8 clones
Host for M13 mpl8 and M13 mpl9 clones

Wild type
ntrC::nptII, Km'

Borck et al. 1976
Vieira and Messing 1982
Yanisch-Perron et al. 1985

Guerinot and Chelm 1986
Martin et al. 1988

3.3-kbp HindIII-SmaI fragment of pBJ214
3.3-kbp HindII fragment of pBJ216
3.4-kbp Sall fragment of pBJ227
2.0-kbp BamHI-ClaI fragment of pBJ261
2.5-kbp PstI fragment of pBJ270
2.7-kbp Clal fragment of pBJ282
6.8-kbp EcoRI-BamHI fragment of pBJ283

nifH from B. japonicum
g/nA from B. japonicum
hemA from B. japonicum
rDNA operon in B. japonicum
g/nJI from B. japonicum
5.3-kb EcoRI fragment from cosmid 3-61 cloned in pRL425
5.1-kb BamHI fragment from cosmid 3-61 cloned in pRL425
6.0-kb BamHI-EcoRI fragment from cosmid 14-8 cloned in pBR322
pBJ214 with 3.3-kb HindIII-SmaI fragment replaced with nptII cassette
pBJ216 with 3.3-kb HindIII fragment replaced with nptII cassette
pBJ227 with 3.4-kb Sall fragment replaced with nptII cassette
2.9-kb Clal and 1.4-kb BamHI fragments from cosmid 4-51 flanking nptII cassette
4.0-kb SstI fragment from XB15 cloned into pRL425
6.3-kb BamHI fragment from cosmid 4-51 cloned in pRL425
2.0-kb BamHI-ClaI and 1.7-kb ClaI-BamHI fragments from pBJ273 flanking nptII cassette
1.5-kb EcoRI and 3.1-kb BamHI fragments from cosmid 4-51 flanking nptII cassette
2.5-kb PstI fragment from pBJ270 cloned in pBR322
l,000-bp PstI-HindIII fragment from pBJ216 cloned in pUC8
Ampr, Tetr, cloning vector
Ampr, Kan', cloning vector
Ampr, cloning vector
Ampr, cloning vector

'Deletion strains in which the indicated restriction fragment was replaced by the nptII cassette.

This study
This study
This study
This study
This study
This study
This study

Adams et al. 1984
Carlson et al. 1985
Guerinot and Chelm 1986
Scott-Craig et al. 1991
Carlson and Chelm 1986

Bolivar et al. 1977
Rao and Rogers 1979
Elhai and Wolk 1988
Vieira and Messing 1982
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are differentially expressed in bacteroids at lev(
ing those seen for the nif genes (Fig. 3). T]
the deletion analysis, however, indicate that r
highly transcribed regions is necessary for ni
nitrogen fixation. The simplest explanation for
is that the B. japonicum genome contains a
copy or copies of these sequences. Examples o
cation have been reported in various rhizob
al. 1991; Applebaum et al. 1988; Renalier et al. I
et al. 1985; Quinto et al. 1982). With the exci
sequence contained on plasmid pBJ22
hybridization of radio-labeled plasmid DN
deleted regions to total B. japonicum genom
not indicate the existence of other copies o
regions (data not shown). The hybridization
employed in these experiments were of suffici
ate stringency so that closely related sequence'
been revealed. It is possible that the function
by the products of these regions are duplica

A.
Transcripi

p A St
I I

4

Transcript #2

B.

Transcript #1

-100 -90 -80 -70
TCTCCAATTCAAGGCAAAAACTAGCTTAGAGAGTCGCCQ

-50 -40 -30 -20 -10
GCCACCGATTTTGGTAGGTGCCCCTTGGTACTTCTCGAAGAT.

Transcript #2

-100 -90 -80 -70
GCTCCAATTCTAAAGGGCTACAAAGTTGTATCTTCGAGAAGT,

-50 -40 -30 -20 -10
CTACCAAAATCGGTGGCTCCCCTCCTCGTCGGGACTCTCTA

E. coti consensus promoter.

------------ TTGAC -------------------- TATA

Ntr consensus promoter.

------------------------ CTGGCAC ----- TTGCA

Fig. 8. A, Restriction endonuclease map of plasmid pBJ29
sites and direction of transcription of the two divergen
indicated. A = AccI, H = HindIII, P = PstI, S = Sall,
B, DNA sequence of the promoter regions of two
japonicum symbiotically regulated sequences. The transci
sites are labeled with an asterisk above the nucleotid
showing similarity to the Escherichia coli promoter cons
at -10 nt and -35 nt upstream of the transcription in
underlined. A 9-bp sequence present in both promoter
position -97 nt in transcript 1 and at position -99 nt
this sequence is underlined with asterisks.

.IAs approach- nonhomologous regions of the genome. The glutamine
he results of synthetase genes in B. japonicum provide an example of
ione of these such a duplication. Although the two gene products per-
odulation or form the same enzymatic function, the two proteins differ
r these results in physical properties and mode of regulation (Carlson et
In additional al. 1987). Mutational analysis revealed that deletion of
f gene dupli- either gene alone did not result in glutamine auxotrophy
ia (Kullik et and did not affect symbiotic competence, but a strain
1987; Honma carrying deletions in both genes required glutamine for
eption of the growth in culture and formed ineffective nodules (Carlson
7, however, et al. 1987). If the highly transcribed sequences isolated
[A from the in this study were functionally duplicated by nonhomolo-
lic DNA did gous sequences located elsewhere in the B. japonicum
f the cloned genome, the lack of a symbiotic phenotype in nodules
n conditions incited by the deletion strains would be expected.
ently moder- The role of transcriptionally regulated genes in develop-
s would have ment has been examined in a variety of systems. Using
s carried out a transposon Tn5-derived promoter probe (TnS-lac), Kroos
ted by other et al. (1986) examined 2,374 Tn5-lac insertion-containing

Myxococcus xanthus Beebe strains for both development-
specific expression and for developmental phenotype.
Thirty-six strains, which had significantly increased levels
of 3-galactosidase activity when placed under conditions

s H known to induce fruiting body formation, were identified.
Only three of these M. xanthus strains (and eight of the

,~ original 2,374) also caused abnormal fruiting body develop-
200bp ment, indicating that far fewer genes are essential for devel-

opment than are regulated during development (Kroos et
al. 1990).

Employing a method similar to the one used to identify
the clones characterized in this study, Mathiopoulos and

-60 Sonenshein (1989) identified Bacillus subtilis Mendelson
ACGAGGAGGGGA genes expressed early during sporulation. Insertion

mutations in two of these genes had no effect on sporula-
* tion, leading the researchers to speculate that multiple over-

ACAACTTTGTAG lapping pathways control the onset of this developmental
process.

In Aspergillus nidulans (Eidam) G. Wint., genes tran-
scribed specifically during conidiation have been isolated

-60 by differential screening (Zimmerman et al. 1980). A 38-
ACCAAGGGGCAC kb region of DNA containing at least 14 developmentally

regulated transcripts was identified (Gwynne et al. 1984),
| * but when the entire segment of DNA was removed from

AGCTAGTTTTTG the genome, conidiation was unaffected (Aramayo et al.
1989). These authors also speculate that the deleted genes
may be part of redundant metabolic networks.

A second possible explanation for the failure of the B.
* japonicum deletion strains to produce a symbiotic pheno-

AT ------- CA type is that the gene products encoded by the deleted regions
are not involved in the processes of nodulation or nitrogen
fixation but are active at a later stage of the interaction

i ~~~~~~~~~ * (e.g., senescence). To examine this possibility, we deter-
6. The initiation mined the PHB content of nodules incited by the deletion

transcripts are strains, because PHB is accumulated during nodule devel-

Bradyrhizobium opment and hydrolyzed during nodule senescence (Wong
ription initiation and Evans 1971). No evidence was found, however, for
[es. The regions altered levels of PHB accumulation in the deletion strains.
sensus sequences It would seem unlikely, moreover, that all of the isolated
sitiation sites are sequences would fall into the "late gene" category. The
in transcript 2; fact that the sequences were actively transcribed in nodules

harvested at 4 (Fig. 4A) and 5 (Fig. 2A) wk after infection
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also argues against this explanation.
Examination of the expression of the highly expressed

sequences in B. japonicum wild-type cells grown under
microaerobic conditions (0.2%0 2 +/-10 mM KNO3) pro-
vides insight into the mechanism by which two of the
sequences are regulated. As was previously demonstrated
for the nif genes (Adams and Chelm 1988), lowered oxygen
tension is sufficient to induce transcription of the sequences
contained on plasmids pBJ227 and pBJ270 (Fig. 4, lanes
4,5). The diffusion of oxygen in soybean root nodules is
thought to be facilitated by leghemoglobin, the apo-protein
portion of which is not synthesized until the nodule struc-
ture begins forming at approximately 10 days after infection
(Gloudemans et at. 1987). If functional leghemoglobin is
necessary for the expression of oxygen-regulated genes in
B. japonicum, then the gene products encoded by these
genes are most likely used, like nitrogenase, after nodule
development is well underway.

Transcripts homologous to the highly expressed sequences
examined in this study are not induced under conditions
that induce the nitrogen regulatory (ntr) genes (Fig. 5).
In addition, the levels of expression of the transcripts in
B. japonicum nodules incited by the ntrC insertion strain
do not differ from those seen in nodules incited by wild-
type strain BJl lOd (Fig. 6). These results confirm directly
that the global nitrogen regulatory (ntr) system is not
involved in the transcriptional regulation of these sequences.
The two divergent promoters cloned on plasmid pBJ216
did not contain any of the conserved sequences found
upstream of nif, nod, or nitrogen-regulated genes (Gussin
et al. 1986; Rostas et al. 1986). Some similarity to the
E. coli consensus promoter was found (Hawley and
McClure 1983), and one 9-bp motif of unknown significance
was present at the same position in both promoters.

The role in symbiotic development of the highly tran-
scribed sequences isolated in this study is not readily appar-
ent. The expression of these transcripts at high levels in
bacteroids would lead to the assumption that they are
involved in some aspect of metabolism related to nitrogen
fixation or assimilation. The most probable explanation
for the unaltered symbiotic competence of the strains specif-
ically deleted for these regions is that functional but non-
homologous duplications exist elsewhere in the B. japoni-
cum genome.
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