Phytochemistry, Vol. 26, No. |, pp. 85-87. 1987,
Pninted in Great Bntain.

003] -9422.87 $3.00 + 0.00
1987 Pergamon Journals Ltd.

METABOLISM OF GLUCOSE AND GLUCONATE IN FAST- AND SLOW-
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Abstract—Enzymatic evidence was sought for the operation of pathways involved in glucose and gluconate
catabolisms in fast- and slow-growing Rhizobium species including members of the cowpea group. Enzymes of the
Entner-Doudoroff pathway, pentose phosphate pathway and tricarboxylic acid cycle were detected in fast-growing
rhizobia but the pentose phosphate pathway was absent in slow-growers, regardless of the carbon source used. When
analysed for enzymes of the Embden—Meyerhof-Parnas and Entner Doudoroff pathways in glucose-grown cells, the
pathways were found to operate simultaneously in rhizobia.

INTRODUCTION

Previous investigations have shown that all rhizobia
irrespective of their growth properties possess the
Entner-Doudoroff (ED) pathway and the tricarboxylic
acid (TCA) cycle for glucose oxidation [1-5]. Using cells
cultured on glucose, the occurrence of the pentose phos-
phate (PP) pathway has been demonstrated in fast-
growing rhizobia [4] which possess NADP-linked 6-
phosphogluconate dehydrogenase (6-PGD), the key
enzyme for this pathway. Lack of the enzyme 6-PGD in
glucose-grown slow-growing rhizobia laid the foundation
of the enzymatic basis for differentiation of fast- and slow-
growing groups of Rhizobium [4]. Evidence for the
presence of the Embden-Meyerhof- Parnas (EMP) path-
way, however, is contradictory. There have been a few
reports [1, 4, 6-8] of the measurement of significant levels
of the glycolytic enzymes phosphofructokinase (PFK)
and fructose-1,6-diphosphate aldolase in these organisms
while others failed to do so. Little attention has been
directed towards the study of gluconate catabolism in
rhizobia. The radiorespirometric method indicated that in
R. japonicum, gluconate was degraded primarily by the
ED pathway and possibly also by an ancillary ketoglu-
conate pathway and by the TCA cycle [3]. The purpose of
the present investigation was to compare the enzyme
systems and hence the pathways involved in the catabo-
lism of glucose and gluconate in fast- and slow-growing
rhizobia, including members of the cowpea group.
Cowpea rhizobia are agronomically very important be-
cause of their symbiotic nitrogen fixation.
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RESULTS AND DISCUSSION

The carbon metabolism of rhizobia was initially ex-
plored by checking the growth response of the organisms
to various carbon sources including glucose and gluco-
nate. The results (data not shown) are in general agree-
ment with the findings of others [9-11]. From a survey of
the key enzymes of the EMP, ED, PP and TCA cycle
pathways (Table 1) it is apparent that significant levels of
enzymes of the EMP, ED and TCA cycle pathways are
present for both glucose and gluconate dissimilation in
both fast- and slow-growers.

The high level of the PFK and glyceraldehyde-3-
phosphate dehydrogenase (GL3PD) activitics suggested
the presence of the EMP pathway in the glucose-grown
rhizobia (Table 1). The ‘Entner-Doudoroff* enzyme (6-
phosphogluconate dchydratase and 2-keto-3-deoxy-6-
phosphogluconate aldolase) activities attested to the
operation of the ED pathway. The activities of malate
dehydrogenase and isocitrate dehydrogenase indicated
operation of the TCA cycle in these cells. Disagreement as
to the presence of fructose diphosphate aldolase and
PFK, the key enzymes of the EMP pathway, in rhizobia
could be noted in the observations of previous investi-
gators (1, 2, 5-8, 12]. The reason for such a discrepancy is
not clear. It could have been due to the difference in age of
the cultures used. Some suggest that utilization of the
EMP pathway may be related to the nitrogen-fixing
efficiency of the rhizobial strains [8].

All the enzymes for an operational ED pathway are
present in the glucose-grown rhizobia (Table 1). The
specific activities of 6-PGD and the ED enzymes are
several-fold higher in the celi-free extracts of the fast-
growers. The ED pathway is known to account for the
major proportion of the glucose catabolism in both slow-
and fast-growing species of Rhizobium in culture [2-4].
However, the reason for the higher activity of the enzymes
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of the ED pathway in the fast-growing rhizobia than in
the slow-growing ones as observed in the present investi-
gation is not clear.

In the fast-growing cells cultured on glucose, significant
activity of NADP-linked 6-PGD, the key enzyme for
operation of the PP pathway, was detected. There was no
evidence for the presence of the PP pathway for glucose
metabolism in slow-growers (Table 1). This is in confir-
mation of earlier observations (2, 4].

Gluconate is an inducer of the ED pathway (13] and
dissimilation of this compound has been considered
confirmatory for its operation [3,14]. Gluconate is
thought not to be metabolized by the EMP pathway [3].
Thercfore no attempt was made to study the key enzymes
of the EMP pathway in gluconate-grown cells. For
gluconate metabolism, the enzymes gluconokinase, ED
enzymes and malate dehydrogenase were detected in all
the strains (Table 1). The specific activity of the enzyme
gluconokinase was found to be several-fold higher in the
cell-free extracts of fast-growers than in the cell-free
extracts of slow-growers. The specific activities of the ED
cnzymes and malate dehydrogenase were not significantly
different in the two groups of rhizobia. Such an observa-
tion is suggestive, although indirectly, of the operation of
an ancillary, probably the kctogluconate, pathway in
slow-growers [3], where gluconate is thought to be
converted into 6-ketogluconate via the formation of 2-
ketogluconate. In these cells, NADP-linked 6-PGD ac-
tivity is detected in appreciable quantity in the extracts of
fast-growers and only in negligible quantity in the extracts
of slow-growers, indicating the absence of the PP path-
way for gluconate metabolism in slow-growing rhizobia.
It is now clear that the PP pathway is absent in both
glucose-grown and gluconate-grown cells of slow-
growing rhizobia. It has been suggested that in the
absence of the PP pathway, pentose required for cellular
growth could be obtained from fructose-6-phosphate; as
such. The PP pathway is not mandatory for biosynthetic
purposes [3]. The synthesis of fructose-6-phosphate from
gluconate would, however, involve anabolic glycolysis, the
presence of which needs to be explored in gluconate-
grown rhizobia.

EXPERIMENTAL

The Rhizobium strains used in this study were obtained from
different sources throughout the world. Strains with the prefix
BICC were isolated in this laboratory. The strains were main-
tained on yeast mannitol agar slopes [15] between expts. Carbon
source utilization was studied as described in ref. [16]. All enzyme
assays were carried out in a final vol. of | ml. Activities were
determined at room temp. (28 £+ 2°) by measuring A,,,. Each
assay had two controls, one without extract and the other without
substrate. Published procedures were used to assay the enzymes.
The precise compositions of the assay mixtures were as follows:
Gilucose-6-phosphate  dehydrogenase (EC 1.1.1.49) [17,18):
100 mM Tris HCl (pH 7.6), 2 mM MgCl;, 25 mM glucose-6-
phosphate and 04mM NAD® or NADP*'. The
Entner-Doudoroff enzymes (combined activities of 6-phospho-
gluconate dehydratase (EC4.2.1.12) and 2-keto-3-deoxy-6-
phosphogluconate aldolase (EC4.1.2.14) [11]: 100 mM
Tris -HCl (pH 8.5), 10 mM B-mercaptoethanol, 0.4 mM NADH,
$mM 6-phosphogluconate and 100 ug lactate dehydrogenase
(Sigma) per ml. 6- Phosphogluconate dehydrogenase (EC 1.1.1.44)

(17} 100mM Tns HQl (pH 7.6), 2mM MgCl;,, SmM 6-
phosphogluconate and 04mM NAD’ or NADP'. 6
Phosphofructokinase (EC 2.7.1.11) [19): 67mM Tns-HCI
(pH 80)., SOmM KCl, 17mM Na,HAsO,, SmM MgCl,,
2.5mM ATP, 0.25mM NAD’, 2.5 mM fructose-6-phosphate,
and 5 U fructose biphosphate aldolase and 10 U glyceraldehyde-
3-phosphate dehydrogenase per assay. Glyceraldehyde-3-
phosphate dehydrogenase (EC 1.2.1.12) [20]): SOmM Tns-HCI
(pH76). 6mM DL-glyceraldehyde-3-phosphate, 10 mM
cysteine HCl, 17 mM Na,HAsO,, 20 mM NaF and 0.25 mM
NAD * . Malate dehydrogenase (EC 1.1.1.37)(21]: 100 mM phos-
phate buffer (pH 7.4), 0.25 mM NADH and | mM oxalacetatc.
Isocitrate dehydrogenase (EC 1.1.1.42) [21]: 300 mM Tris-HCl
(pH 7.6) 10mM MgCl,, 0.2 mM NADP" and 10mM DL-
isocitrate. Gluconokinase (EC 2.7.1.12) [20): SOmM Tns HCI
(pH 80), 10mM MgCl;, 2.5mM ATP, 025mM NADP",
2.5mM sodium gluconate and 0.1 U 6-phosphogluconate de-
hydrogenasc per assay. Protein was determined in cell-extract
acoording to ref. [22].
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