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We report a phenomenon similar to catabolite repression in Rhizobium meliloti.
Succinate, which allows the highest observed rate of growth of R. meliloti, caused
an immediate reduction of ,B-galactosidase activity when added to cells growing
in lactose. A Lac- mutant was unaltered in nodulation and nitrogen fixation
capacities, but a pleiotropic mutant deficient in several catabolic properties was
unable to produce effective nitrogen-fixing nodules.
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A number of reports have described catabolic
activities in Rhizobia (4, 5). Graham (2) found
that a wide range of sugars and tricarboxylic
acid cycle intermediates could promote growth
in different species of Rhizobia, although slow-
growing strains had more limited specificities.
Elkan's group has interpreted their studies of
glucose catabolism in Rhizobium japonicum to
indicate functional Embden-Meyerhof-Parnas,
Entner-Doudoroff, and possibly hexose cycle
pathways in addition to the tricarboxylic acid
cycle (6, 11). Tuzimura and Meguro (14) showed
that both artificially cultured and nodule-ex-
tracted R. japonicum can oxidize tricarboxylic
acid intermediates and fructose-1,6-diphos-
phate, but that the ability to oxidize glucose or
nonphosphorylated saccharides is found only in
glucose-grown and not in succinate-grown or
symbiotic cells. We report preliminary studies
on catabolism in Rhizobium meliloti.

Parental R. meliloti strain Rm2011 is biotin
requiring and streptomycin resistant, and it
nodulates alfalfa effectively (9). LB (rich me-
dium) contained 10 g of tryptone (Difco Labo-
ratories, Detroit, Mich.), 5 g of yeast extract
(Difco), 5 g of NaCl, and 40 mg of NaOH per
liter. M9A (minimal medium) was, per liter, 5.8
g of Na2HPO4, 3 g of KH2PO4, 0.5 g of NaCl, and
1 g of NH4Cl, brought to 1 mM MgSO4, 10 ,uM
CaCl2, and 1 ,ug of biotin per ml after autoclaving.
Carbon source stock solutions were filter steri-
lized and usually added to a final concentration
of 0.2%.

,B-Galactosidase was assayed as for Esche-
richia coli (10). a-Glucosidase and fl-glucosidase
activities were assayed in analogous reactions,
using p-nitrophenyl-a-D-glucopyranoside and p-
nitrophenyl-fl-D-glucopyranoside, respectively.

t Present address: Department of Biochemistry and Bio-
physics, University of California at San Francisco, San Fran-
cisco, CA 94143.

Rm2011 cultured in M9A with lactose plus
limiting succinate showed diauxic growth (Fig.
1). Similar experiments with lactose, plus either
maltose, sucrose, glucose, or histidine in limiting
concentration, showed no diauxie; however, suc-
cinate-maltose and succinate-cellobiose diaux-
ies were observed (data not shown). Cells in the
second phase of growth had higher levels of ,B-
galactosidase activity than did cells in the first
phase.

R. meliloti cells grown in minrimal medium
had roughly 10-fold more f8-galactosidase with
lactose than with other carbon sources (Table
1). In contrast to results with E. coli, neither
isopropyl-fi-D-thiogalactopyranoside nor thio-
methyl galactopyranoside (not shown) induced
,8-galactosidase in R. meliloti at any concentra-
tion between 10-6 and 10-1 M. The addition of
succinate reduced the specific activity of f8-ga-
lactosidase compared to that with lactose alone.
The reduction was not complete, since activity
was still significantly above the basal (no lac-
tose) level.

Figure 2 shows the effect of succinate on the
differential rate of increase of 18-galactosidase.
The induced differential rate with lactose was
over 10-fold greater than the basal differential
rate with succinate, whereas the rate with both
lactose and succinate was intermediate, consist-
ent with the diauxie results and with Table 1. In
contrast to succinate, neither cellobiose, mal-
tose, sucrose, mannose, arabinose, glucose, nor
glycerol lowered the differential rate (not
shown). Succinate is the carbon source that al-
lowed the fastest absolute growth rate for this
strain (D. S. Ucker, S. B. thesis, Massachusetts
Institute of Technology, Cambridge).

Addition of succinate to a culture growing in
lactose lowered the differential rate of increase
of /8-galactosidase activity to nearly a basal rate.
After fB-galactosidase specific activity was di-
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FIG. 1. Diauxic growth of R. meliloti. Rm2011 was cultured in M9A with 0.1% succinate and 0.1% lactose.
Cell density was measured turbidimetrically, and ,8-galactosidase activity was assayed as for E. coli (10). 1
Klett unit - 6 x 106 viable cells/ml.

TABLE 1. f,-Galactosidase specific activitya
R. meliloti E. coli

Carbon sourceb
Rm2011 Rml826 Rm2620 LS519

Lactose 7.2 NDc ND 250
Succinate 0.8 ND ND
Mannose 0.8 0.07 0.07
Mannose + IPTG 0.5 0.07 ND

10-2 M
Lactose + succi- 2.2 ND ND

nate
Lactose + man- 6.9 0.2 0.07

nose
Lactose + succi- 2.5 0.1 0.08

nate + mannose
Root noduled <0.5 ND ND

a,6-Galactosidase specific activity was determined
as for E. coli (10); units are nanomoles of o-nitro-
phenyl-,B-D-galactopyranoside hydrolyzed per optical
density at 600 nm unit of culture turbidity; correspond-
ence between optical density values of cultured and
nodule cells has not been determined, and hence the
value indicated for root nodule cells should be re-
garded as only approximate.

bIn liquid cultures of medium M9A. IPTG, Isopro-
pyl-fl-D-thiogalactopyranoside.c Not determined.

d Cell assay directly after isolation from root nodule
squash.

luted to the repressed level, activity again in-
creased, but now at normal succinate-mediated
repressed rate (Fig. 2). This phenomenon resem-
bles transient catabolite repression in E. coli (8).

Similar succinate-mediated repression of a-

glucosidase and,B-glucosidase activities has also
been observed (not shown).

,/-Hydroxybutyrate, a compound related to
intermediates of the tricarboxylic acid and gly-
oxylate cycles, accumulates as a polymer at high
concentration within bacteroids in nodules (13).
Although it is an apparent candidate for a car-
bon source for the bacteroid, f)-hydroxybutyrate
does not serve as carbon source for cultured R.
meliloti, and its addition to a culture growing
with lactose did not affect the differential rate
of increase of ,B-galactosidase activity (not
shown). We do not know whether f8-hydroxy-
butyrate is able to enter growing cells.
The addition of cyclic AMP (cAMP) to

Rm2011 grown in lactose plus succinate did not
affect the differential rate (not shown). This is
true even for cells permeabilized with ethylene-
diaminetetraacetic acid, according to Lieve (7).
That permeabilization is effective was shown by
the fact that the cells normally resistant to ac-
tinomycin D became sensitive to the drug after
ethylenediaminetetraacetic acid treatment. We
conclude that cAMP had no effect on the phe-
nomenon we were studying, although it is con-
ceivable that enzyme synthesis cannot be in-
creased after the permeabilization treatment.
However, we wish to note that cAMP at 5 mM
or greater always reduced the growth rate of
Rm2011 by 50% relative to equivalent conditions
without cAMP, regardless of carbon source.
Rm2011 was mutagenized with UV light (10'

cells/ml, 300 ergs/mm2, 0.2% survival, 250-fold

J. BACTERIOL.



NOTES 1199

E

%-

I
Yb0
a

0

Optical Dnity (Kbtt units)
FIG. 2. Differential rate of increase of p9-galactosidase activity. Rm2011 was cultured in supplemented

M9A; cell density and 13-galactosidase activity were measured as for E. coli (10). Carbon source supplements
were: lactose, 0.2% (0); lactose, 0.2% plus addition of succinate to 0.2% at arrow (0); succinate, 0.2% and
lactose, 0.2% (U); succinate, 0.2% (p). 1 Klett unit = 6 x 108 viable cells/ml.

increase in rifampin-resistant colonies). Enrich-
ment by carbenicillin treatment (9) gave approx-
imately 1 to 2% catabolic mutants and 1 to 4%
auxotrophs among the survivors.
A Lac- mutant, Rm1826, was isolated after

carbenicillin treatment in lactose. It failed to
grow on lactose but did grow on maltose, meli-
bose, and cellobiose. The mutant had less than
Y1o of the wild-type ,8-galactosidase activity, and
Lac' revertants regained wild-type activity. The
residual activity was less inducible than wild-
type activity (Table 1), although thermal activ-
ity and thermostability profiles of wild and mu-
tant ,f-galactosidase were identical, with a tem-
perature optimum at 300C. The mutation has
been localized betwen pyr and leu on the R.
meliloti genetic map (9).
Schwartz and Beckwith (1) and Perlman and

Pastan (12) selected mutants of E. coli deficient
in catabolite repression as unable to grow on
more than one sugar. We isolated Rm2620 after
carbenicillin treatment of mutagenized Rm1826

cells growing in M9A as unable to grow on a
mixture of cellobiose and maltose. (We were
unable to isolate such mutants from Rm2011
with combinations of cellobiose, maltose, and
lactose.) f8-Galactosidase activity in Rm2620 was
uninducible by lactose and remained at the basal
level of its parent, Rm1826 (Table 1). a-Glucos-
idase and fi-glucosidase activities were also at
wild-type basal levels and uninducible by mal-
tose or cellobiose (respectively) at concentra-
tions as high as 2% (not shown). The pleiotropic
mutation reverted at high frequency (>10-5); no
Lac' revertants were isolated from among 1010
cells of Rm2620, although the same Lac- muta-
tion in its parent Rm1826 reverted at 1.6 x 10-6.

Nodulation of alfalfa was tested according to
Vincent (15), and nitrogenase activity of nodules
was measured by acetylene reduction (3).
Rm1826 was as effective as wild type. However,
Rm2620 appeared to make very few nodules and
not to fix nitrogen, although revertants regained
both capacities (Table 2).
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TABLE 2. Acetylene reduction by plants nodulated
with different strains ofR. meliloti

Ethylene
production No. of nod-
(nmol/h per ules per plant

plant)b

Rm2011 80 >10
Rm1826 81 >10
Rm2620 0 5-8
Rm2620 revertants 78 >10

a A homogeneous culture of the indicated strain was
used to inoculate several plants, as described in the
text. Nodules were squashed, and the recovered bac-
teria were tested for revertants. Values for acetylene
reduction were averaged over several plants; only
plants with revertant-free (<1%) nodules were consid-
ered.

b Acetylene reduction was measured by the produc-
tion of ethylene, as described in (3).

In summary, succinate, the preferred carbon
source for Rm2011, exerted a catabolite-repres-
sion-like effect on fi-galactosidase and other ac-
tivities. A Lac- mutant, Rm1826, seemed similar
to E. coli Lac- mutants. However, a pleiotropic
mutant, Rm2620, lost several catabolic capaci-
ties simultaneously, although cAMP did not
seem to be involved. Further work will be needed
to establish the connection between the lesion
in Rm2620 and the diauxie seen in growth on
succinate plus lactose. Most intriguing are the
deficiencies in nodulation and nitrogen fixation
in Rm2620, which suggest a connection between
regulation of these phenomena and of catabolic
physiology.

We thank Harry Meade and Renee Sung for discussion.
This work was supported by grants from the National

Science Foundation and the American Cancer Society to
E.R.S., and by Public Health Service funds from National
Institutes of Health Biomedical Research Support Grant 5-
S07-RR07047-12 to M.I.T.

LITERATURE CITED
1. Beckwith, J., and D. Zipser (ed.). 1970. The lactose

operon. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

2. Graham, P. H. 1964. Studies on the utilization of carbo-
hydrates and Krebs cycle intermediates by Rhizobia,
using an agar plate method. Antonie van Leeuwenhoek
J. Microbiol. Serol. 30:68-72.

3. Hardy, R. W. F., R. D. Holsten, E. K. Jackson, and R.
C. Burns. 1968. The acetylene-ethylene assay for N2
fixation: laboratory and field evaluation. Plant Physiol.
43:1185-1207.

4. Johnson, G. V., H. J. Evans, and T. Ching. 1966.
Enzymes of the glyoxylate cycle in Rhizobia and nod-
ules of legumes. Plant Physiol. 41:1330-1336.

5. Katznelson, H., and A. C. Zagallo. 1957. Metabolism of
rhizobia in relation to effectiveness. Can. J. Microbiol.
3:879-884.

6. Keele, B. B., Jr., P. B. Hamilton, and G. H. Elkan.
1969. Glucose catabolism in Rhizobium japonicum. J.
Bacteriol. 97:1184-1191.

7. Lieve, L 1965. Actinomycin sensitivity in Escherichia
coli produced by EDTA. Biochem. Biophys. Res. Com-
mun. 18:13-17.

8. Magasanik, B. 1970. Glucose effects: inducer exclusion
and repression, p. 189-219. In J. R. Beckwith and D.
Zipser (ed.), The lactose operon. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

9. Meade, H. M., and E. R. Signer. 1977. Genetic mapping
in Rhizobium meliloti. Proc. Natl. Acad. Sci. U.S.A. 74:
2076-2078.

10. Miller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

11. Mulongoy, K., and G. H. Elkan. 1977. Glucose catabo-
lism in two derivatives of a Rhizobium japonicum
strain, differing in nitrogen-fixing efficiency. J. Bacte-
riol. 131:179-187.

12. Perlman, R. L., and I. Pastan. 1969. Pleiotropic defi-
ciency of carbohydrate utilization in an adenyl cyclase
deficient mutant of Escherichia coli. Biochem. Bio-
phys. Res. Commun. 37:151-157.

13. Stanier, R. Y. 1961. Photosynthetic mechanisms in bac-
teria and plants: development of a unitary concept.
Bacteriol. Rev. 25:1-17.

14. Tuzimura, K., and H. Meguro. 1960. Respiration sub-
strate of rhizobium in the nodules. J. Biochem. 47:
391-397.

15. Vincent, J. M. 1970. A manual for the practical study of
root-nodule bacteria, IBP Handbook no. 15. Blackwell
Scientific Publications, Oxford.

J. BACTERIOL.


