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P121R25 is a Tn5-induced mutant of the effective Rhizo-
bium leguminosarum bv. phaseoli strain P121R that is un-
able to use glutamate as the sole carbon and nitrogen
source and is defective in symbiotic nitrogen fixation. En-
zymatic analysis showed that three enzymes implicated in
glutamate metabolism (glutamate dehydrogenase, 2-
oxoglutarate dehydrogenase, and glutamate synthase)
wer e affected by this mutation. Sequencing of the chromo-
somal locus bordering the Tn5 in P121R25 indicated the
presence of the dnaK and dnaJ genes in an arrangement
similar to that described in R. leguminosarum bv. viciae
(GenBank accession humber Y 14649). The mutation was
located in the dnaJ (hsp40) gene.

Additional keywords:. glutamate catabolism.

The symbiosis between the soil bacteria genus Rhizobium
and legumes culminates in a new morphological structure, the
nodule, where rhizobial bacteroids use plant photosynthates to
fuel biological nitrogen fixation (Vance and Heichel 1991). It
is generally accepted that C,-dicarboxylic acids are the major
carbon sources supplied to the bacteroids to support nitrogen
fixation (Finan et al. 1983; Streeter 1987), an idea that is sup-
ported by the phenotypes of many mutants altered in dicarox-
ylic acid transport and utilization (Arwas et al. 1985; Lafon-
taine et al. 1989). The possibility that amino acids, specialy
glutamate, may be transported from the plant cytosol into the
bacteroids to serve as carbon and energy sources for nitrogen
fixation has been suggested (Donald and Ludwig 1984,

O’Gara and Shanmugam 1976) and later developed into
model (Kahn et al. 1985). Much evidence suggests an impor-
tant role of glutamate and other amino acids in the symbiosis.
In fact, glutamate and related amino acids have been detecte

in high concentrations in cytosol and Bnadyrhizobium ja-
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Nucleotide and/or amino acid sequence data have been deposited at the
GenBank database as accession number Y 14649.

ponicum bacteroids (Streeter 1987). Furthermore, some mu-
tants defective in the degradation of glutamate or aspartate as
the sole carbon and nitrogen sources are defective in symbi-
otic nitrogen fixation (Fitzmaurice and O’Gara, 1993; Watson
and Rastogi 1993; Labidi et al. 1996). Little is known about
the genes implicated in glutamate catabolismRinegumi-
nosarum bv. phaseoli and their importance in symbiosis.

Strain P121R is a stable derivative of the very effective
wild-type strain ofR. leguminosarum bv. phaseoli P121, re-
sistant to rifampicin at 50 pg Ml and P121R25 is a gluta-
mate catabolism, Tn5-induced mutant unable to use glutamate
as the sole carbon and nitrogen sources (Table 1). To clone the
wild-type locus, total DNA from mutant P121R25 was com-
pletely digested with EcoRI (which does not cut in the Tn5)
and ligated into pUC19. Plasmids containing Tn5 with
P121R25 DNA fragments were selected using ampicillin and
kanamycin. The insert was digested with EcoRI and Xhol and
three fragments (two of which contained Tn5-chromosomal
DNA) were subcloned in pUC21 and sequenced using the T7
sequencing kit (Amersham Pharmacia Biotech, Uppsala,
Sweden). The University of Wisconsin Genetics Computer
Group Program (Madison, WI, U.S.A.) was used for analysis
of nucleic acid data; the software packages Seged, Find, Gap,
Bestfit, Translate, Map, and Assemble were routinely used
(Devereux et a. 1984). Three fragments of interest were iso-
lated, two of which contained Tn5 and Rhizobium sequences
and a third (fragment 111) contained only a Rhizobium DNA
(Fig. 1). Two sequences, pP121R251 and pP121R25I1, en-
coded for Tn5 extremities starting at the Xhol site. Fragment |
showed 93% homology with the dnak gene of R. legumi-

8hosarum (accession number Y 14649, GenBank and EMBL).

The Tn5 was inserted at nucleotide position 2,255 of the par-
tja dnaJ zone (Fig. 2). The remaining 679 bp of fragment 1l
owed 99.6% homology with dnaJ of locus Y 14649. Frag-
ment |1l showed 95% similarity to the dnaK of R. legumi-
nosarum.
Total DNA from strain P121R was isolated as described by
Laberge et a. (1989), partidly digested with Sau3A, and puri-
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fied on a sucrose gradient (Maniatis et a. 1982). Fragments of
approximately 23 kb were ligated to BamHI-digested cosmid
pLAFR3 and packaged into Lambda phage heads (Promega
1991; Maniatis et d. 1982). Aliquots of the packaging mixture
were used to infect Escherichia coli strain LE392. Tetracycline-
resistant colonies were tested for the presence of inserts. DNA
library amplification was performed as described by Stanley et
al. (1987). Cosmids were transferred from strain LE392 to mu-
tant P121R25 by triparental mating using pRK600 as a helper
plasmid (Glazebrook and Waker 1991). The complemented
mutants were screened on y-aminobutyrate (GABA) as a sole
carbon and nitrogen source supplemented with rifampicin (25
pg/ml), kanamycin (50 pg/ml), and tetracycline (10 pg/ml).
Cosmids were isolated from the complemented mutant, trans-
formed into E. coli (DH5), reisolated, and digested with EcoRl.
The inserts of cosmids complementing P121R25 were sub-
cloned in pUC21 and their extremities sequenced according to
Sanger et d. (1977). Six cosmids were able to complement
P121R25 for its ability to use glutamate as sole carbon and ni-

Table 1. Bacterial strains and plasmids used in this study

trogen sources. Glutamate plays a central role in ammonia as-
similation and amino acids biosynthesis; therefore, it is possible
that the mutation could be complemented by many different loci
on the chromosome. Therefore, we screened the cosmid bank to
isolate cosmids that complement P121R25 for its ahility to use
GABA.. This amino acid is catabolized via the glutamate cata-
bolic pathways. Using GABA as a substrate, mutant P121R25
was complemented by only two cosmids. One complemented
mutant, P121R25(pC11), had the same phenoctype as the wild
strain P121R grown on BM;-GABA or glutamate medium
(Labidi et a. 1996). The cosmid pC11, which complemented the
P121R25 mutant for its ability to grow on GABA, was com-
pletely digested with EcoRlI, and the resulting fragments were
cloned into pUC21. The 210 bp of fragment number 6 (pC11.6)
showed 97% homology with dnaK of locus Y 14649.

A comparison of key enzyme activities on wild-type, mu-
tant, and complemented strains was carried out. Cells at
midexponential phase were collected by centrifugation (10
min at 10,000 >g at 4°C), washed twice in a wash medium

Strain or plasmid

Relevant characteristics

Source or reference

Rhizobium leguminosarum bv. phaseoli

P121R Wild-type parent; Fix + Rif" Labidi et al. 1996
P121R25 P121R glu~ mutant, symbiotically defective, unable to catabolize glutamate,
contains Tn5; Fix~ Km" Rif" Labidi et al. 1996

Escherichia coli

DH5a Host strain; endA1 hsdR17supE44 thi-1 recAl gyrA96 relAl

(argF-lacZYA)U169 @80dlacZM15

J. Jessee, Bethesda Laboratories

LE 392 SupF58 Promega
MT616 Carries helper plasmid, pRK600 (pRK2013:9T&nT) Finan et al. 1986
Plasmids
pLAFR3 Cosmid cloning vehicle, Tc Friedman et al. 1982
pUC19; pucC21 Cloning vector, Ap Norrander et al. 1983
pP121R25Tn5 pUC19 carryirecoRl P121R25 mutant DNA fragment
containing the Th; Ap’, Km' This study
pP121R25I pUC21 carryinghol fragment | from P121R25 mutant DNA fragment
containing the TH; Ap' This study
pP121R25II pUC21 carryinghol fragment Il from P121R25 mutant DNA fragment
containing the TH; Ap' This study
pP121R25III pUC21 carryinghol fragment Il from P121R25 mutant DNA fragment
containing the TH; Ap' This study
pC11 pLAFR3 containing &u3Al fragment(18 to 30 kb) from P121R DNA
that complements the P121R25 Gphenotype This study
pC11.6 pUC21 carrying EcoRlI fragment of PC11 This study
Tn$
11 I
| 485 2826 5290
| > >
«— «— “«—
0.6 kb 1kb 1kb
— < > <—>
E X X X Lkb X E

Fig. 1. Map of the Tn5 insertion region in mutant pP121R250f Rhizobium leguminosarum bv. phaseoli showing the hybrid DNA fragments | and Il and
the bacterial DNA fragment I11. The hatched line is the Tn5 and the normal line is the bacterial DNA. Arrows indicate the direction of sequencing. Num-
bersindicate the positions of restriction sites of Xhol on the Tn5. Restriction sites: E = EcoRI and X = Xhol.
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(Salminen and Streeter 1990) containing 40 mM succinate and 1.2.1.16) activity was measured as described by Miller et al.
the following sats (grams per liter): CaCl, x 2H,0 (0.74), (1991). Gamma-aminobutyrate aminotransferase (GAAT, EC
NacCl (1.0), MgSQ x 7H,0 (1.0), and KSO, (1.50), and con- 1.6.1.19) activity was determined with a colorimetric reaction
centrated 100-fold by suspension in this medium. The cell according to Yonaha and Toyama (1980). Glutamate decar-
suspension was sonicated at 0°C as described by Salmineboxylase (GAD, EC 4.1.1.15) activity was measured by the
and Streeter (1990) with the following modification: cells method of Fonda (1985) as modified by Vézina et al. (1988).
were exposed to 8% 20 s of sonication (pulse mode 50) with aThe bacteria used to measure GAD activity were grown in a
1-min interval, on ice. The cellular debris were centrifuged minimal media containing.-glutamate as carbon source
(10 min at 14,000 x), and the supernatant was desalted on (Labidi et al. 1996) instead of proline because GAD was
Bio-Rad 10 DG (desalting gel) columns (Bio-Rad Laborato- shown inE. coli to be induced by glutamate (Fonda 1985).
ries, Richmond, CA, U.S.A)) with 0.01 M sodium phosphate Enzymatic analysis showed a significant reduction of the ac-
buffer (pH 7.5). The eluate was then used in enzyme assayidivities in the mutant P121R25 in comparison to the wild
and its protein content was determined according to Lowry etstrain (Table 2). The observed decreases were 38% for GDH,
al. (1951). Total glutamine synthetase (GS, EC 2.6.1.2.) activ-56% for GOGAT, and 60% for OGDH. These results show
ity was determined by a semibiosynthetic assay as describedhat the mutation affected the metabolism of glutamate and
by Fuchs and Keister (1980). Glutamate dehydrogenasesuggest that GDH and OGDH activities are probably involved
(GDH, EC 1.4.1.3) and glutamate synthase (GOGAT, EC in glutamate catabolism iR. leguminosarum bv. phaseoli. No
2.6.1.53) activities were measured by following NADH oxidi- GAD activity was detected in strain P121R, indicating that the
zation (340 nm) at 30°C (Duke and Ham 1976). The 2- GABA shunt is not a major pathway of glutamate catabolism
oxoglutarate dehydrogenase (OGDH, EC 1.2.4.2) assay wass observed iR meliloti (Fitzmaurice and O’Gara 1993).
based on the method described by Salminen and StreeteBalminen and Streeter (1990) also previously reported the
(1990). Succinic semialdehyde dehydrogenase (SSDH, ECabsence of GAD irB. japonicum. Confirmation of the ab-
sence of GAD activity in strain P121R was also obtained by
Tns using different levels of pH buffer, varying from 4.0 to 7.5, as
255 mentioned by Salminen and Streeter (1990) and Fonda (1985).

standards indicated that our test is sensitive to 1072 units of

The use of different concentrations (1 to*lnits) of GAD
230 2146 2233'1 2934
_|

dnak dnal

Tn5
2255

265 845 1135 12260 2934
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Fig. 2. Localization of fragments I, Il, and 11l on locus Y 14649 con-
taining dnaJ and dnaK of Rhizobium leguminosarum.

Table 2. Activities of some enzymes involved in glutamate catabolism
in Rhizobium leguminosarum bv. phaseoli strain P121R, its glutamate-nega
tive mutant P121R25, and the complemented mutant P121R25(pC11)

nmol per min per mg of protein®

Enzymes® P121IR P121R25 P121R25(pC11)
GDH 6.27 (0.4) 3.90 (0.5) 5.71 (0.5)
OGDH 10.24 (0.7) 4,06 (0.5) 9.87(0.2)
GOGAT 5.45 (0.1) 2.41(0.6) 4.74(0.5)
GS 0.14 (0.01) 0.14 (0.01) 0.14 (0.002)
SSDH 8.45 (1.1) 6.98 (1.5) 9.46 (1.1)
GAAT 59.13 (7.0) 33.90 (1.5) 47.83 (3.1)

8 GDH = Glutamate dehydrogenase, OGDH = 2-oxoglutarate dehydroge-
nase, GOGAT = glutamate synthase, GS = glutamine synthetase, SSDH =
succinic semialdehyde dehydrogenase, and GAAT = y-aminobutyrate
aminotransferase.

b Values are the mean of three independent replications. Values in pa-
rentheses are the standard error.

enzyme. On the other hand, the two last enzymes in the
GABA shunt (GABA aminotransferase and succinic semial-
dehyde dehydrogenase) have normal activities. This suggests
that the GABA could be taken up from the outside by the free-
living bacteria and from the nodular cytosol by the bacteroids.
Kouchi and Fukai (1988) also suggested this possibility. In
fact, many reports indicate the presence of high levels of
GABA in the nodule cytosol (Miller et al. 1991; Streeter 1987,
Taet a. 1988; Vance and Heichel 1991).

The activity of three enzymes implicated in glutamate me-
tabolism (GDH, OGDH, and GOGAT) returned to their wild-
type levelsin the Nod* transconjugant P121R25(pC11), which
contains the dnaJ (hsp40) gene. This observation is similar to
the results obtained by Ogawa and Long (1995) on the R.
meliloti mutant affected in the groELc gene coding for a heat
shock protein 60 homolog (HSP60). In the same way, Krish-
nan and Pueppke (1991) have found an R. fredii mutant af-
fected in the nolC gene unable to nodulate soybean. The nolC
gene shares homology with a heat shock gene. Further work is
required to determine how the two chaperones, HSP40 and
HSP70, affect glutamate metabolism and symbiotic nitrogen
fixation in R. leguminosarum bv. phaseoli.
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