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Fructose, galactose, L-arabinose, gluconate, and several organic acids support rapid growth and N2 fixation
of Azospirillum brasiliense ATCC 29145 (strain Sp7) as a sole source of carbon and energy. Growth of
Azospirillum lipoferum ATCC 29707 (strain Sp59b) is also supported by glucose, mannose, mannitol, and a-

ketoglutarate. Oxidation of fructose and gluconate by A. brasiliense Sp7 and of glucose, gluconate, and fructose
by A. lipoferum Sp59b was achieved through inducible enzymatic mechanisms. Both strains exhibited all of the
enzymes of the Embden-Meyerhof-Parnas pathway, and strain Sp59b also possesses all the enzymes of the
Entner-Doudoroff pathway. Fluoride inhibited growth on fructose (strains Sp7 and Sp59b) or on glucose (strain
Sp59b) but not on malate. There was no activity via the oxidative hexose monophosphate pathway in either
strain. There was greater activity with 1-phosphofructokinase than with 6-phosphofructokinase in both strains.
Strain Sp59b formed fructose-6-phosphate via hexokinase, an enzyme that is lacking in strain Sp7. A.
brasiliense and A. lipoferum exhibited the enzymes both of the tricarboxylic acid cycle and of the glyoxylate
shunt; iodoacetate, fluoropyruvate, and malonate were inhibitory. A. brasiliense Sp7 could not transport
[14C]glucose and a-[14C]ketoglutarate into its cells.

Azospirillum brasiliense and Azospirilliim lipoferium grow
well on organic acids such as malic, succinic, lactic, pyruvic,
or cis-aconitic (33). However, growth on carbohydrates is
more restricted, and A. brasiliense is particularly demanding
in its carbon requirements. It does not grow on D-glucose, D-
mannose, D-sorbose, or sucrose but does grow (and fixes
N2) on D-fructose, D-galactose and L-arabinose. A. lipo-
ferum is less restricted in its use of carbon sources, as it
grows on the same organic acids and carbohydrates used by
A. brasiliense and, in addition, grows on glucose, mannose,

sorbose, and o-ketoglutarate. The same metabolic differ-
ences between species were found under N,-fixing condi-
tions (J. Dobereiner, unpublished data). Although the azo-

spirilla have been widely studied, their pathways of energy-
yielding catabolism have not been examined extensively (5,
22, 35).
We present information here on the enzymatic mecha-

nisms that operate in the azospirilla in their catabolism of
carbohydrates and organic acids. We also present data that
are helpful in explaining why A. lipoferum is able to use

glucose and cx-ketoglutarate as carbon sources, whereas A.
brasiliense is unable to use either substrate, despite the
genetic similarity between these two species.

MATERIALS AND METHODS

Bacterial strains. A. brasiliense Sp7 (ATCC 29145), A.
brasiliense Cd (ATCC 29710), A. lipoferium SpS9b (ATCC
29707), A. lipoferum ColS, and Azospirillum amazonense Y-
1 were used in this study. Strains Sp7, Cd, Sp59b, and ColS
were maintained in a nitrogen-deficient malate medium (23)
and were transferred at 2-week intervals. Strain Y-1 was

kept on a nutrient agar medium.
Media and growth conditions. A. brasiliense Sp7 and A.
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lipoferum Sp59b were grown aerobically in a 2-liter flask
containing 500 ml of a minimal medium (MM) containing (in
grams per liter): KH2PO4, 4.0; K2HPO4, 6.0;
MgSO4 7H,O, 0.2; NaCl, 0.1; CaCl, 2H2O, 0.026;
NH4Cl, 1.0; FeCl3, 0.01 (as FeCl3 EDTA);
Na2MoO4 * 2H2O, 0.002; biotin, 0.0001 (pH 6.8). Neutral-
ized organic acids and carbohydrates were sterilized sepa-
rately and added to the medium to final concentrations of 7
and 27 mM, respectively.
When cells were grown under N-fixing conditions,

NH4Cl was omitted, and the 0, concentration in the gas
phase was adjusted with air and N2 to a PO2 of 0.007 atm (ca.
709.1 Pa.), as monitored with a sterilizable O° electrode (3).
The liquid medium was inoculated with a 24-h inoculum, and
the cultures were grown at 33°C. Cells were harvested at the
mid-log phase of growth by centrifugation at 6,000 x g for 10
min at 4°C. The pellet was washed twice in 50 mM potassium
phosphate buffer (pH 7.6). The sedimented cells were em-

ployed for preparing cell extracts.
Cell extracts. Cells were suspended in 3 volumes of 100

mM Tris-hydrochloride buffer (pH 8.0) containing 1 mM 1-

mercaptoethanol and were disrupted by two passes through
a French pressure cell at 20,000 lb/in2. The disrupted cell
suspension was centrifuged at 18,000 x g for 30 min (super-
natant was crude fraction), and the supernatant was centri-
fuged at 100,000 x g for 1 h (supernatant was soluble
fraction). These two fractions were used for the measure-

ments of most of the enzymatic activities. All the operations
were carried out under N2 at 4°C.

Protein was determined by the Lowry method (19, 20),
which was standardized with bovine serum albumin.

Respiration. Oxygen utilization was measured with a Clark
electrode in a 1.5-ml water-jacketed, constant-temperature
(30°C) cell and recorded as described by Okon et al. (24).
Organisms that had been grown for 24 h on various carbon
sources were washed twice in 0.05 M phosphate buffer (pH
7.0) and then suspended in the same buffer to give an

absorbance at 550 nm of 0.9 to 1.0. The suspensions (except
for A. amazonense) were stirred for 30 min to reduce
endogenous respiration. Utilization of 02 then was measured
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TABLE 1. Acetylene reduction by A. braisiliense Sp7 and A.
lipoferium Sp59b"

Acetylene reduction activity

Carbon source A. braisilietse A. lipOfC'runt
Sp7 Sp59b

Erythrose <1 <1
D-Ribose <1 <1
D-Arabinose <1 <1
L-Arabinose 354 471
D-Glucose <1 620
D-Mannose <1 153
D-Sorbose <1 ND"
D-Fructose 440 573
D-Galactose 325 379
Sucrose <1 <1
Potassium gluconate 520 ND
Mannitol <1 73
Glycerol <1 ND
Sodium lactate 334 391
Sodium pyruvate 393 475
Sodium succinate 482 545
Sodium malate 740 580
Sodium a-ketoglutarate <1 410

"Expressed as nanomoles of C2H4 formed per hour per milligram of
protein. Exposures to 10 vol% C,H, were for 2 to 7 h. Cultures were grown
under N,-fixing conditions on various carbon sources and tested for C.H.
reduction with the same carbon source.

" ND, Not determined.

for 15 min, and the endogenous respiration measured with-
out added substrate was subtracted.
Enzyme assays. The following determinations were made

by procedures described previously: 1-phosphofructokinase
(EC 2.7.1.56) (18); 6-phosphofructokinase (EC 2.7.1.11) (18);
fructose diphosphate aldolase (EC 4.1.2.13) (27); glucose-
phosphate isomerase (EC 5.3.1.9) (1); triosephosphate isom-
erase (EC 5.3.1.1) (7); glyceraldehyde-phosphate dehydroge-
nase (EC 1.2.1.12) (25); phosphoglycerate kinase (EC
2.7.2.3) (16); phosphoglycerate phosphomutase/enolase (EC
5.4.2.1) (2) and (EC 4.2.1.11) (30); enolase (EC 4.2.1.11) (30);
pyruvate kinase (EC 2.7.1.40) (4); pyruvate dehydrogenase
(EC 1.2.4.1) (28); phosphogluconate dehydratase (EC
4.2.1.12) (36); phospho-2-keto-3-deoxygluconate (KDPG) al-
dolase (EC 4.1.2.14) (8) and phosphogluconate dehydratase
(EC 4.2.1.12), measured by following the transformation of
phosphogluconate into pyruvate (14); glucose dehydroge-
nase (EC 1.1.1.47) (21); glucose-6-phosphate dehydrogenase
(EC 1.1.1.49) (1); glucokinase (EC 2.7.1.2) (9); hexokinase
(EC 2.7.1.1) (9); glucokinase (EC 2.7.1.12) (17); fructose-
bisphosphatase (EC 3.1.3.11) (31); phosphogluconate dehy-
drogenase (EC 1.1.1,43) (1); citrate synthase (EC 4.1.3.7)
(32); aconitase hydratase (EC 4.2.1.3) (26); isocitrate dehy-
drogenase (lEC 1.1.1.42) (6); a-ketoglutarate dehydrogenase
(EC 1.2.4.1) (28); succinate dehydrogenase (EC 1.3.99.1)
(15); malate dehydrogenase (EC 1.1.1.37) (6); fumarate hy-
dratase (EC 4.2.1.2) (13); isocitrate lyase (EC 4.1.3.1) (34);
and malate synthase (EC 4.1.3.2) (G. H. Dixon and H. L.
Kornberg, Biochem. J. 72:3P, 1959). Enzymatic activities
were determined at 25°C, and a control without substrate
was run with each assay. Specific activities were expressed
in nanomoles of substrate converted per minute per milli-
gram of protein. All enzymatic activities were linear with
time and with concentration of enzymne; commercial enzy-
matic preparations were used to check the assays.
Growth on various carbon sources. In experiments to

determine what carbon sources support growth under N2-
fixing conditions, MM was converted to a viscous medium
by adding 1.75 g of agar per liter and 0.075 g of yeast extract
per liter and omitting NH4CI (NH4Cl represses nitrogenase,
but nitrogen of the yeast extract does not). Cells were grown
in 21-mI bottles containing 5 ml of this medium. Under these
conditions the microaerobic cells grow in the viscous medi-
um as a layer at a depth where they encounter a level of
dissolved O) optimal for their growth under N2-fixing condi-
tions. Carbon sources (final concentration, 25 mM) and a 24-
h inoculum (each inoculum was prepared by growing the
cells in MM with a 25 mM concentration of the specific
carbon source and 5 mM sodium malate) were added sepa-
rately, and the cultures were incubated at 35°C for 24 h. Such
cultures in their 21-ml bottles were then stoppered with
rubber serum stoppers, and 10 vol% of acetylene was added
with a syringe and hypodermic needle (pressure, 1.1 atm [ca.
111.4 kPa]). The ethylene formed was measured (0.5-ml gas
samples removed for gas chromatographic analysis) in tripli-
cate bottles during a period 2 to 7 h after addition of
acetylene. The linearity of the reaction with time was
followed, and the maximum specific activity was recorded.
A control without added substrate was included in all
experiments. Total protein of whole cells was determined by
a modified Lowry method (11, 20).
Uptake Of [L4CJfructose, 1t4C]glucose, [14C]sucrose, and a-

[t4CJketogIuarate. Cells were grown to mid-log phase in MM
plus a source of carbon; these were harvested, washed once
with MM, and suspended in the same medium to 0.5 mg of
cell protein per ml. The suspension was incubated in a
shaker at 30°C for 30 min. Uptake of [14C]fructose, [14C]glu-
cose, [14C]sucrose, [14C]ketoglutarate was measured as de-
scribed for fructose (10) except that the radioactivity was
determined with a scintillation counter.

RESULTS

Growth on diverse carbon sources. A. brasiliense Sp7 and
A. lipoferum Sp59b grew and fixed N2 on various carbohy-
drates and organic acids (Table 1). However, A. brasiliense
Sp7 seems more restricted in its use of carbon sources. Table
1 shows that strain Sp7 (as evidenced by acetylene reduc-
tion) grew on most of the organic acids tested except a-
ketoglutarate but did not grow under N2-fixing conditions on
most of the carbohydrates. A. lipoferum Sp59b grew on a
larger number of carbohydrates as well as on organic acids.
Fructose, L-arabinose, and galactose supported growth of
strains Sp7 and Sp59b. However, glucose, one of the best
substrates for strain Sp59b, did not support growth of strain
Sp7 on either NH4+-free or N2-free medium (33; Dobereiner
et al., unpublished data).

Oxidation of different carbon sources by strains Sp7, Cd,
Sp59b, and CoI5. Fructose-grown strains Sp7 and Cd (data
not shown) oxidized fructose and malate but not gluconate
(Table 2). On the other hand, cells grown on gluconate
oxidized malate but not fructose. The cells grown on malate
respired actively when malate was added, but they did not
show evidence of oxidation of either fructose or gluconate.
Malate-grown strain Sp59b did not respire at all in the
presence of glucose but respired at a low rate on fructose or
gluconate. Fructose-grown cells oxidized glucose bqt not
gluconate, and gluconate-grown cells oxidized fructose but
not glucose. A. lipoferum Col5 (data not shown) behaved in a
similar way. Endogenous 02 uptake was high in both spe-
cies. The addition of diethyl-p-nitrophenyl phosphate (final
concentration, 0.1 mM), which has been reported (29) to be
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TABLE 2. Rates of oxidation of various carbon sources by A. br-asiliense Sp7 and A. lipqferuin SpS9b
Respiration ratte"

Carbon A. braisiliense Sp7 grown on: A. lipoeruin Sp59b grown on:
source l____r______n____________grown_____on:__

Fructose Malate Gluconate Fructose Malate Gluconate

None 0.80 0.80 0.73 1.02 1.29 0.98
Malate 1.93 3.21 2.09 1.70 1.96 0.90
Fructose 2.07 0 0 2.44 0.14 1.06
Glucose 0 0 0 1.61 0 0.12
Gluconate 0 0 3.72 0 0.29 3.86

" Expressed as micromoles of 02 consumed per minute per milligram of protein with 40 mM substrate: endogenous respiration was subtracted whep substrate
was supplied.

an inhibitor of poly-3-hydroxybutyrate depolymerase, did
not affect the endogenous respiration.
Enzymes for metabolism of fructose and glucose. Table 3

shows the activities of some enzymes related to fructose and
glucose metabolism. A. brasiliense Sp7 and A. lipoferum
Sp59b exhibited high activity of 1-phosphofructokinase
when grown on fructose; however, activity was not detect-
able when cultures were grown on malate with NH4+ or N2.
The activity of 6-phosphofructokinase was very low in both
strains, and no activity was detected in preparations from
malate-grown cells. No hexokinase activity could be detect-
ed in strain Sp7 grown either on fructose or malate. Howev-
er, hexokinase was present in fructose- or glucose-grown
strain Sp59b. Glucokinase and other enzymes related to the
Embden-Meyerhof-Parnas (EMP) pathway were detected in
strains Sp7 and Sp59b. When strain Sp7 was grown under
N2-fixing conditions it showed lower enzyme specific activi-
ties than when grown on NH4', but the differences were not
great. Enzymes related to the EMP pathway also were found
in A. brasiliense Cd and A. lipoferum Col5; they exhibited
the same general responses (data not shown) as strains Sp7
and Sp59b.
ED and hexose monophosphate pathways. Neither NAD+-

glucose-6-phosphate dehydrogenase nor NADP+-glucose-6-
phosphate dehydrogenase was detected in A. brasiliense Sp7

(Table 3) or Cd. However, a form of glucose-6-phosphate
dehydrogenase was detected in glucose- or fructose-grown
A. lipoferum Sp59b and Col5. No NAD+-phosphogluconate
dehydrogenase or NADP+-phosphogluconate dehydroge-
nase activity was found in strain Sp7, Cd, Sp59b, or Col5.
Transformation of phosphogluconate into pyruvate was not
detected in strain Sp7 or Cd grown on fructose or malate.
However, this mechanism and the enzymes related to the
Entner-Doudoroff (ED) pathway were present in strains
Sp59b and Col5. No activity of phosphogluconate dehydra-
tase was detected in fructose-grown strain Sp7, but it was
induced in gluconate-grown cells (specific activity, 65 nmol/
mg per min). Phosphogluconate was transformed to pyru-

vate by a strain Sp7 cell extract at a rate of 48 nmol of
pyruvate formed per min per mg of protein. Other enzymes

related to the catabolism of glucose and fructose, such as

glucose dehydrogenase, fructose bisphosphatase, and glu-
conokinase, were not detected in fructose-grown strain Sp7.
However, gluconokinase was induced (specific activity, 320
nmol/mg per min) in gluconate-grown strain Sp7.
TCA cycle. Malate, succinate, lactate, and pyruvate sup-

ported growth of strains Sp7 and Sp59b. The presence of the
enzymes involved in catabolizing these substrates was dem-
onstrated (Table 4) in both A. brasiliense and A. lipoferum
strains grown on fructose or malate. In addition to having all

TABLE 3. Activities of enzymes associated with glucose and fructose catabolism in A. br-asiliense Sp7 and A. lipoferum SpS9b"

Enzyme activity

A. brasilienise Sp7 grown on: A. lipoferiun Sp59b grown on:
Enzyme

Fructose Malate Fructose. Glucose,
NH4' N. NH4+ N. with NH4+ with NH4+

Glucokinase 22 10 10 95 345
Hexokinase <lb <lb <lb <lb 10 15
1-Phosphofructokinase 280 193 <1b <1b 35
6-Phosphofructokinase 22 10 <1b <1h 5
Fructose bisphosphate aldolase 205 274 35 11
Glucosephosphate isomerase 480 360 232 1,050 230
Triosephosphate isomerase 5,800 6,040 3,200 6,140 3,400
Glyceraldehyde-phosphate dehydrogenase 290 225 340 980
Phosphoglycerate kinase 380 340 270 195
Phosphoglycerate mutase/enolase 80 22 191
Enolase 42 150 232
Pyruvate kinase 120 84 93 80
Glucose-6-phosphate dehydrogenase <1b <1b <1b <1b 285 310
Phosphogluconate dehydrogenase <lb <lb <lb <lb <lb <lb
Phosphogluconate dehydratase <lb <1b <b <lb 25 43
KDPG aldolase 124 90 110 110 250
Phosphogluconate dehydratase/KDPG aldolase <lb <lb <lb 305 580

a Expressed as nanomoles per minute per milligram of protein. Enzymatic activity was measured in the soluble fraction, except as noted.
b Crude fraction was used in determining enzyme activity.
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TABLE 4. Activities of enzymes of the TCA and Glyoxylate
Cycles in A. brasiliense Sp7 and A. lipoferum Sp59b'

Enzyme activity
A. basiliense Sp7 A. lipoferum Sp59b

grown on: grown on:
Enzyme Fructose Malate, Fructose. Malate,

with: with with with

NH4+ N, NH4+ NH4+ NH4+
Citrate synthase 170 145 210 215 243
Isocitrate dehydroge- 920 830 855 576 740

nase
a-Ketoglutarate dehy- 27 15 18 143 65
drogenase

Succinate dehydroge- 105 65 240 85 93
nase

Malate dehydrogenase 4,800 3,650 5,200 3,600 3,950
Aconitase 15 10 30 35 NDb
Fumarase 32 24 25 10 ND
Malate synthase 62 45 10 43 51
Isocitrate lyase 10 4 55 <1 12
Pyruvate dehydrogenase 23 12 42 35 22

a Expressed as nanomoles per minute per milligram of protein. Enzymatic
activities were measured on the crude fraction.

b ND, Not determined.

the enzymes of the tricarboxylic acid (TCA) cycle, these
strains also exhibited enzymatic activities characteristic of
the glyoxylate shunt.

Inhibition in the EMP and ED pathways and the TCA cycle.
Some inhibitors related to the EMP and ED pathways and
the TCA cycle were studied under N2-fixing conditions
(Table 5). Sodium fludride (5 mM) inhibited growth and
blocked C2H4 formation by strains Sp7, Cd, and Sp59b in a
fructose medium without NH4Cl. No inhibition was detected
with cells grown on malate or succinate. Sodium iodoacetate
(2 mM), sodium fluoropyruvate (2 mM), and sodium malo-
nate (40 mM) inhibited both fructose- and malate-grown
cells.
Uptake of ['4CJglucose, ["4C]fructose, [14C]sucrose, and a-

['4CJketoglutarate by strains Sp7 and Sp59b. Strains Sp7 and
Sp59b grew well with fructose as the sole carbon source, but
only strain Sp59b grew on glucose or on a-ketoglutarate. The
difference between the strains cannot be attributed to the
lack of enzymes because both strains possess the enzymes
required to metabolize glucose and a-ketoglutarate. It ap-
peared possible that A. brasiliense might be cryptic for
glucose. [14C]fructose or [14C]pyruvate was run as a positive
control for each strain and was taken up rapidly by each.
Strain Sp7 took up 65% of the total radioactivity of [1 C]fruc-
tose in 30 min (Fig. 1), whereas strain Sp59b took up 33% in
the same time. The strains varied in their ability to take up
glucose. Strain Sp59b took up 48% of the glucose in 30 min,
whereas strain Sp7 took up less than 1% in 30 min, whether
grown on nutrient broth or a glucose-fructose MM. Uptake
of sucrose accounted for less than 1% of the total radioactiv-
ity in 30 min. A. amazonense Y-1 was used as a positive
control. a-Ketoglutarate appeared cryptic for strain Sp7 but
not for strain Sp59b.

DISCUSSION
According to Tarrand et al. (33), A. brasiliense can grow in

the presence of NH4' with certain carbohydrates (fructose,
galactose, L-arabinose, and gluconate) and with most of the
TCA cycle intermediates. Tarrand et al. found that A.
lipoferum is less restricted in its carbon substrates; in

TABLE 5. Effect of metabolic inhibitors on growth as evidenced
by C2H2 reduction in cultures of A. brasiliense Sp7 and A.

lipoferum SpS9b"
Acetylcne reduction in:

Concn A. brasiliense Sp7 A. lipoferum
Inhibitor (mM) grown on: Sp59b grown on:

Fructose Malate Fructose Malate

None 450 690 510 570
Sodium fluoride 5 220 666 430 580
Sodium fluoride 10 15 639 310 557
Sodium fluoropyruvate 2 <1 413 120 302
Sodium fluoropyruvate 5 <1 295 30 140
Sodium iodoacetate 2 <1 <1 <1 <1
Sodium malonate 40 210 85 300 320
Sodium malonate 70 40 20 90 33

a Expressed as nanomoles of C2H4 formed per hour per milligram of
protein.

addition, it grew on glucose and on a-ketoglutarate. Doberei-
ner et al. (unpublished data) demonstrated that A. brasi-
liense and A. lipoferum grew and fixed N2 on the same
carbon sources mentioned by Tarrand et al. (33). Our results
agree with theirs, as we have found that strains Sp7 and Cd
of A. brasiliense are unable to grow on glucose, mannose,
sorbose, mannitol, sucrose, or x-ketoglutarate. The highest
activities for acetylene reduction were obtained with malate,
gluconate, and fructose. A. lipoferum Sp59b and Col5 could
grow and fix N2 on additional carbohydrates (glucose,
mannose, sorbose, and mannitol) and on a-ketoglutarate.
The highest specific activities were obtained by employing
an inoculum grown on the carbon source to be assayed. Our
data also agree with the results of Haahtela et al. (11), who
measured acetylene reduction activity in A. lipoferum Cp
and Fr grown on various carbon sources. Unlike Haahtela et
al. (11), we found that A. lipoferum Sp59b and Col5 were
able to grow and fix N2 on cx-ketoglutarate, as previously
found by Dobereiner (unpublished data). It also was found

I-,

2

I-

0

0It

0

0

2

2

10 20 30
MINUTES

1'.....
z
I-
0

C,

C',

2
-zJ
0
z

z

10 20 30
MINUTES

FIG. 1. Uptake of [14C]labeled glucose (A), fructose (B), sucrose
(C), and a-ketoglutarate (D) by A. brasiliense Sp7, A. lipoferunt
SpS9b and A. amazonense Y-1. The cells were grown in minimal
medium containirig: (A) glucose (10 mM) plus fructose (10 mM); (B)
fructose (20 mM); (C) sucrose (10 mM) plus fructose (10 mM); (D)
sodium a-ketoglutarate (aKG) (10 mM) plus fructose (10 mM).
Symbols: A, A. lipoferum 59b; 0, A. brasiliense Sp7; and O, A.
amazonense Y-1.
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(Dobereiner and this laboratory, unpublished data) that
neither of the two species of azospirilla was able to grow and
fix N2 on sucrose. However, a newly described species, A.
amazonense Y-1, reduced acetylene when grown on sucrose
(unpublished data).
Two recent papers have described the metabolism of

carbon compounds by A. brasiliense Sp7. Das and Mishra
(5) reported that A. brasiliense uses fructose very effectively
(as indicated earlier by Tarrand et al. [33]) for its growth and
acetylene reduction. They also reported a high efficiency of
cell production (measured by N incorporation) with fructose
when ammonium ion was supplied. Westby et al. (35)
studied the carbon metabolism of A. brasiliense Sp7 and two
mutants they produced from the organism. Our observations
of strain Sp7 in general correspond with theirs; i.e., the
organism metabolizes gluconate via the ED pathway (Fig. 2)
and possesses a variety of enzymes involved in the oxidation
of organic acids.
The catabolic pathways of some of these carbon sources

that supported rapid growth and N2 fixation in both A.
brasiliense and A. lipoferum *were studied. L-Arabinose
catabolism has been described before (22) in A. brasiliense
strain Sp7. This paper presents information on enzymes
related to the catabolism of fructose, glucose, and organic
acids by A. lipoferimn and A. brasiliense (Tables 3 and 4).
Our data suggest that A. brasiliense employs the fructose
catabolic sequence shown in Fig. 2. In the absence of
glucose uptake and of glucose-6-phosphate dehydrogenase,
the ED pathway could not operate in fructose-grown A.
brasiliense. However, gluconate-grown A. brasiliense Sp7
exhibited both the enzymatic mechanism for transforming
phosphogluconate into pyruvate and the enzymes involved
in the ED pathway (phosphogluconate dehydratase and
KDPG aldolase). The absence of growth on glucose and on
ox-ketoglutarate by A. brasiliense apparently resulted fromn
the lack of uptake of either substrate (Fig. 1). In contrast, A.
lipoferum Sp59b and Col5 grew either on glucose or on a-
ketoglutarate and exhibited significant uptake of each sub-
strate. Glucose was taken up, and the enzymes related to the
EMP and ED pathways were present; therefore, glucose and

FRUCTOSE
; PEP

FRUCTOSE I-P

; ATP

FRUCTOSE 1,6-P

TRIOSE-P ,-
NaF ; ,4

PYRUVATEs
_--- FPyr

_--IAA

TCA CYCLE <-L- ABlFN
,-.

MALONATE

A. brasilense

fructose probably are catabolized in A. lipoferum through
the EMP and ED pathways. The absence of phosphoglucon-
ate dehydrogenase in both species of azospirilla suggests
that no oxidative hexose monophosphate pathway was pres-
ent in either strain. The presence of an active 1-phosphofruc-
tokinase in both strains at a level much higher than that of 6-
phosphofructokinase suggests the formation of fructose-i-
phosphate. The presence of a phosphoenolpyrtivate-
phosphotransferase system PEP-PTS fructokinase and the
formation of fructose-1-phosphate was detected by Goebel
and Krieg (personal communication). However, strain
Sp59b had additional mechanisms to phosphorylate fructose;
it had hexokinase activity, and fructose also might be
utilized via fructose-6-phosphate and glucose-6-phosphate as
mediated by the abundant phosphoglucose isomerase pre-
sent in strain Sp59b. Added sodium fluoride in NH4'-free
fructose MM inhibited Sp7; the EMP pathway appears to
operate under conditions suitable for N2 fixation. Inhibition
of growth and N2 fixation of strain Sp59b by fluoride was
less complete. According to the enzymatic assays, strain
Sp59 had both EMP and ED pathways. Fluoride inhibited
the enzymes of the two pathways, but Im and Friedrich (12)
have shown that fluoride inhibition of phosphogluconate
dehydratase from Alcaligenes eutrophus in vivo is insignifi-
cant compared with the fluoride inhibition of enolase. The
enzymatic data and the lower fluoride inhibition of strain
Sp59b than that of strain Sp7 suggests that the ED pathway
may be the most effective catabolic pathway in this strain.
The results of oxidation tests of various substrates agree

with these data, and oxidation seems to operate through an
inducible mechanism. For this reason, A. brasiliense Sp7
cells grown on malate, which have an active TCA cycle but
not an EMP or ED pathway, could oxidize several organic
acids (24) but not carbohydrates. The fructose catabolic
pathway appears to be different from that used for gluconate.
Fructose-grown cells did not show 02 uptake at a rate
greater than the endogenous respiration rate when gluconate
or glucose was added. The same response was observed with
gluconate-grown cells furnished with fructose or glucose.
The response of A. lipoferum was more complex, because it

GLUCONATE
FRUCTOSE GLUCOSE

6P-GLUCONATE PEP/ \ATP ATP
| FRUCTOSE- FRUCTOSE- _ GLUCOSE 6-P
ED I-P ATP- 6-P | NADP+

Pathway > t t NAD+
FRUCTOSE 1,6-P 6-P-GLUCONATE

EMP Pathway NoF ED Pathway

PYRUVATE
_--FPyr

IAA

lOSE TCA CYCLE - L-ARABINOSE

MALONATE

A. lipoferum

FIG. 2. Possible pathways for metabolism of carbohydrates by A. brasiliense and A. lipoferuin. IAA lodoacetate; FPyr, fluoropyruvate.
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has the EMP and ED pathways, and glucosephosphate
isomerase permits the utilization of glucose and fructose
through both pathways. Fructose-grown cells could oxidize
glucose, probably because of the activity of their glucoki-
nase. Cells grown on gluconate could oxidize fructose,
presumably because fructose can be utilized through both
the EMP and ED pathways.

Malate, succinate, and oxaloacetate are substrates for
strains Sp7 and Sp59b, and these compounds seem to be
catabolized through the TCA cycle; all the enzymes of the
TCA cycle were present, and growth under N2 fixation
conditions was inhibited by iodoacetate and malonate.
On the basis of the enzymatic activities, two subgroups

may be established in the azospirilla, and a third subgroup
(A. amazonense) is under study. This subdivision is consis-
tent with the classification of Tarrand et al. (33) for these
strains.
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