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Bacteria of the genus Azospirillum are among the
most intensely studied associative plant partners.
These bacteria stimulate plant growth and develop�
ment and are able to colonize both root and stem sur�
faces and internal tissues without formation of specific
structures [1].

Laccases, peroxidases, and tyrosinases belong to
the large group of phenol�oxidizing enzymes that are
widespread in nature. Numerous studies concentrated
on detection and description of the enzymes in
eukaryotes (fungi and plants). However, recent exper�
imental data demonstrated the presence of phenol
oxidases (mainly laccases) in prokaryotes as well. Lac�
caselike activity was detected in melanin�synthesizing
Sinorhizobium melioti strains [2]. Laccase CotA iso�
lated from Bacillus subtilis endospore envelope was
described [3–5]. Laccase activity of cloned multicop�
per oxidase from Bacillus halodurans was revealed [6].
Laccases were isolated from Sinorhizobium melioti [7]
and Pseudomonas putida [8]. Laccaselike and tyrosi�
nase activities were observed in the marine bacterium
MMB�1 [9]. The presence of tyrosinase was reported
in Rhizobium, Azotobacter, and Streptomyces [10–14].
Tyrosinase of Rhyzobium melioti GR4 was character�
ized [15]. In practically all cases, tyrosinase activity
was associated with pigment formation.

As for phenol oxidase activity of Azospirillum, few
facts are found in the literature concerning the mutant
strain Azospirillum lipoferum 4T characterized by
immotility and brown pigmentation [16–18]. There is
no data on the enzymatic activity in other azospirilla
species. We therefore consider it of utmost importance
to find out whether the pigmented and immotile
mutant A. lipoferum 4T is the only strain capable of
laccase production or if other strains of different
Azospirillum species, motile and nonpigmented, also

possess laccase activity. Moreover, it is reasonable to
suppose that, along with laccase, the whole complex of
phenol oxidizing enzymes is produced by bacteria
since all of the enzymes contribute to the substrate
degradation.

The aim of the present work was to reveal and study
intercellular and extracellular phenol oxidase activity
in a number of Azospirillum strains of various species.

MATERIALS AND METHODS

Bacteria and culturing conditions. The following
Azospirillum strains were used in this work:
A. brasilense Sp245 (J. Dobereiner, Brazil), Sp7 (Insti�
tute of Microbiology, Moscow, Russia), Sp107
(J. Dobereiner, Brazil), and Cd (Y. Bashan, Mexico);
A. lipoferum 43 (Institute of Biochemistry and Physiol�
ogy of Plants and Microorganisms, Saratov,
Russia) and 59b (VKM B�1519); A. irakense KA�3
and KBC�1 (C. Elmerich, France); and A. amazon�
ense 14 (J. Dobereiner, Brazil).

Bacteria were grown on a number of agarized
media, i.e., a synthetic medium containing the follow�
ing (g/l): KH2PO4, 0.4; FeSO4 · 7H2O, 0.01; CaCl2,
0.026; MgSO4, 0.2; KNO3, 0.05; and glucose, 1.44
(pH 6.8) [19], a synthetic medium of the same compo�
sition supplemented with a water extract of wheat root
sprouts, 10% potato medium, and malt agar (4° Ball�
ing). Azospirilla were cultured at 37°C.

Qualitative detection of oxidase activity in the pro�
cess of bacterial growth. The presence of oxidase activ�
ity was judged by the ability of a growing culture to oxi�
dize 2,2'�azino�bis(3�ethylbenzthiazoline�6�sulfonate),
(ABTS, Sigma, United States), 2,6�dimethoxyphenol
(DMOP, Acros, United States), and syringaldazine
(Acros, United States) in petri dishes after 12, 24, and
36 h of growth. The surface of growing bacterial colo�
nies was treated with 0.2 mM ABTS in 50 mM Na–
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tartrate buffer (pH 4.5) [20], 0.2% DMOP solution in
50 mM Na�tartrate buffer (pH 4.5) [21], and 0.02%
syringaldazine in 50 mM Tris–HCl buffer (pH 7.5)
[22]. Laccase activity was determined by the appear�
ance of green coloration of bacteria and the medium
in the first case, brown coloration in the second, and
pink in the third. To reveal the activity of Mn�peroxi�
dase, 0.2% ortho�dianisidine (Acros, United States) in
50 mM Na–tartrate buffer (pH 4.5) was used with the
addition of 0.1 mM H2O2 and 0.2 mM Mn2+. Activity
was manifested by the appearance of oxidation prod�
ucts of greenish�brown color [23]. Tyrosinase was
detected with 2 mM L�3�(3,4�dihydroxyphenylala�
nine), (L�DOPA, Acros, United States) in 50 mM
Tris–HCl buffer (pH 7.5) by the appearance of dark
brown coloration of bacteria and the medium [24].
Lignin peroxidase was detected with 0.01% phenol red
in 20 mM Na–succinate buffer (pH 4.5) with the
addition of 0.1 mM H2O2 by the appearance of pink
coloration [25].

Enzyme isolation conditions. Bacterial biomass was
washed off the agar surface with 20 mM Na–K phos�
phate buffer (pH 6.0); then the cells were washed sev�
eral times and resuspended in a minimal volume
(2 ml) of the same buffer. In order to obtain the
enzyme fraction from bacterial cell surface, we used
the modified “shaving” method [26] initially proposed
by Eshdat et al. [27]. The modification was as follows:
cellular suspension was passed several times through a
syringe with a 0.8 × 38 needle according to the tech�
nique of Eshdat et al.; however, the obtained protein
fraction was not treated with 2�nitro�5�thiocyanoben�
zoic acid in order to retain its enzymatic activity. The
suspension was then centrifuged at 12000 g for 15 min,
and the supernatant was separated and filtered.

To obtain intracellular enzymes, after isolation of
surface proteins, the cell pellet was disintegrated with
5�min ultrasonic treatment using the same buffer and
centrifuged at 12000 g for 15 min; the supernatant was
collected and filtered.

Quantitative determination of enzymatic activity.
Solutions of the relevant phenolic substrates were
added to the intercellular and extracellular bacterial
extracts of interest and left at 4°C for 3, 24, or 48 h.
After 3 h, the absorbance spectrum of each sample was
recorded, samples were left for another 21 h, the pro�
cedure was repeated, and samples were left for another
day to finally record spectra at 48 h.

Enzyme activity was determined at 18°C using a
Specord M 40 spectrophotometer (Carl Zeiss, Ger�
many). Laccase activity was determined by the rate of
oxidation of 0.2 mM ABTS in 50 mM Na–tartrate
buffer (pH 4.5). ABTS oxidation to a stable cation rad�
ical was measured by the increase in absorbance at
436 nm (ε436 29300 M–1 cm–1) [20].

Mn�peroxidase activity was determined by the rate
of oxidation of 0.2 mM ABTS in 50 mM Na–tartrate
buffer (pH 4.5) supplemented with 0.1 mM H2O2 and
0.2 mM Mn2+. ABTS oxidation to a stable cation rad�

ical was measured by the increase in absorbance at
436 nm (ε436 29300 M–1 cm–1) [23].

Tyrosinase activity was determined by the rate of
oxidation of 2 mM L�DOPA in 50 mM Tris–HCl
buffer (pH 7.5). L�DOPA oxidation to DOPA quinone
was measured by the increase in absorbance at 475 nm
(ε475 3700 M–1 cm–1) [24].

Lignin peroxidase activity was determined using
0.01% phenol red in 20 mM Na–succinate buffer
(pH 4.5) supplemented with 0.1 mM H2O2, 25 mM
lactate, and 0.1% ovalbumin. Phenol red oxidation was
measured by the increase in absorbance at 610 nm [25].

In all cases, the reaction time was 3, 24, and 48 h.
The enzyme amount that catalyzed transformation of
1 μmol substrate or formation of 1 μmol product in 1 h
per 1 mg protein was taken as an activity unit.

Protein determination. Protein concentration was
determined according to the Bradford procedure [28].

RESULTS AND DISCUSSION

Phenol oxidase activity of Azospirillum bacteria
during cultivation. Using qualitative methods, we
determined the ability of chosen azospirilla strains to
produce a complex of extracellular phenol oxidases,
that is, laccases, Mn�peroxidases, lignin peroxidases,
and tyrosinases.

Preliminary experiments demonstrated that agar�
ized potato medium was optimal for growth of all
strains under study and for obtaining the most intense
qualitative phenol oxidase reactions. Bacteria grown
on malt agar, synthetic, and wheat root extract media
exhibited significantly poorer enzymatic activity. It
was also noted that enzyme activity was much higher
in cells grown on agarized media rather than in sub�
merged culture. Phenol oxidase activity increased with
culture growth and biomass accumulation. The
growth maximum was detected after 36 h of cultiva�
tion and correlated with the maximum oxidase activ�
ity. Therefore, for further studies we chose 36�h bacte�
rial cultures grown on agarized potato medium.

All strains under study exhibited phenol oxidase
activity that was revealed visually within several hours
upon treatment with the relevant reagents by accumu�
lation of colored products of phenolic substrate oxida�
tion. Coloration intensity and differences in the col�
ored area and rate of coloration were distinctly seen.
However, various azospirilla strains decomposed phe�
nolic compounds with different rates exhibiting vari�
ous affinities to substrates. DMP was most efficiently
decomposed by A. brasilense strains Sp245 and Sp7
and A. irakense strains KA�3 and KBC�1. This was
evidenced by the appearance of colored (dark�brown)
oxidation products in contrast to pale�creamy control
cultures against the yellowish and transparent back�
ground of the culturing medium (Fig. 1). The tyrosi�
nase substrate L�DOPA was decomposed by all
strains, but the largest amount of colored products was
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observed in the cultures of A. lipoferum 43 and 59b.
A. brasilense strains Sp245 and Sp7 demonstrated a
positive reaction with syringaldazine, with the appear�
ance of pale pink coloration in plates with the bacteria
cultures. Other strains did not exhibit activity toward
this substrate. Under the given conditions, ABTS was
only oxidized by A. lipoferum 43 and A. irakense KA�3
and KBC�1 exhibiting bright green coloration.
A. brasilense Sp245 and Sp7 and A. lipoferum 43 and
59b could not decompose ortho�dianisidine. Other
strains demonstrated activity toward the substrate. It is
important to mention that a positive reaction by Mn�
peroxidase toward ortho�dianisidine was only revealed
on the bacterial surface and not in the culture
medium. On the contrary, a reaction toward tyrosinase
and laccase substrates was observed by coloration of
both bacterial surface and the culturing medium,
which evidences that enzymes were excreted beyond
the bacterial surface.

A qualitative color test for lignin peroxidase with
phenol red yielded positive results in A. irakense KA�3
and KBC�1, A. lipoferum 43, and A. brasilense Sp7 as
well as in A. amazonense 14. The medium was colored
bright pink to violet. The most intense coloration was
observed for A. lipoferum strain 43; it developed
already 15 min after the reagent was applied. After
30 min of incubation, coloration started to develop in
the cultures of A. irakense KA�3 and KBC�1.
Although it developed slower, it was as intense as in the
case of A. lipoferum 43. A. brasilense Sp7 and A. ama�
zonense 14 were much less efficient in phenol red deg�
radation. The rest of the strains were not able to
decompose the substrate under the given conditions,
so the medium had the same color as the control.

Phenol oxidase activity of bacterial surface washes.
Thus, we established that, upon surface cultivation on
agarized potato medium, the following strains were
able to produce the phenol oxidase complex:
A. brasilense Sp245, Sp7, Sp107, and Cd; A. lipoferum
43 and 59b; A. irakense KA�3 and KBC�1; and
A. amazonense 14. At the next stage of our study, we

determined the dynamics of laccase, Mn�peroxidase,
lignin peroxidase, and tyrosinase activity of the strains
in a spectrophotometric assay. Studying phenol oxi�
dase activity of surface washes off Azospirillum cul�
tures, we found that the oxidases worked fairly slowly
in comparison to fungal enzymes of the same class.
The bacterial cell required from several hours to one
day to decompose a phenolic substrate and accumu�
late the amounts of colored oxidation products suffi�
cient for spectrophotometric measurements. There�
fore, we recorded absorbance spectra after 3 h, 1 day,
and 2 days of enzyme incubation with the relevant sub�
strate. The quantitative characteristics and dynamics
of activity of extracellular and intracellular phenol
oxidases produced by azospirilla are presented in Fig�
ures 2–5.

High laccase activity was demonstrated already
after 3 h of incubation by A. brasilense Sp107 and Cd
and A. irakense KA�3 (Fig. 2). A. brasilense Sp245 and
Sp7 and A. lipoferum 43 and 59b exhibited laccase
activity two to three times lower than that of the above�
mentioned bacteria. The enzyme activity in A. irak�
ense KBC�1 was insignificant—more than 30 times
lower than that of A. brasilense Sp107—and in A. ama�
zonense 14 no laccase activity was detected after 3 h
incubation. However, after 24 h of incubation, laccase
activity in this strain was detected at the level of
0.5 U/mg. In other strains, laccase activity decreased,
although it did not disappear completely (the enzyme
continued substrate decomposition) after 1 day of
incubation. After the second day of reaction, the
dynamics was similar, laccase activity decreasing down
to zero only in strains A. lipoferum 43 and A. irakense
KBC�1.

After 3�h incubation, the level of Mn�peroxidase
activity in washes off the bacterial surface was compa�
rable to that of laccase activity in A. brasilense Sp107,
but was 1.5–2.5 times higher in A. brasilense Cd and
A. irakense KA�3 and 67 times higher in A. amazon�
ense 14, taking into account that the Amazon strain
exhibited no laccase activity after 3 h incubation

Control

Fig. 1. Qualitative color reaction with dimethoxyphenol to test laccase activity in A. brasilense Sp245 grown on solid medium.
The arrow indicates colored A. brasilense Sp245 colonies.
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Fig. 2. Dynamics of laccase and Mn�peroxidase activity in washes of Azospirillum cell surface. A. brasilense Sp107 (1), A. brasilense Cd
(2), A. brasilense Sp245 (3), A. brasilense Sp7 (4), A. lipoferum 43 (5), A. lipoferum 59b (6), A. irakense KA�3 (7), A. irakense KBC�1
(8), and A. amazonense 14 (9). I, II, and III indicate 3, 24, and 48 h of enzyme incubation with substrate. A, laccase and B, Mn�
peroxidase.
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Fig. 3. Dynamics of laccase and Mn�peroxidase activity in intracellular extracts of Azospirillum strains. See the caption to Fig. 2
for the legend.

(Fig. 2). No Mn�peroxidase activity was revealed in
either A. lipoferum strain (43 and 59b) during the
whole experiment. In two A. brasilense strains (Sp245
and Sp7), Mn�peroxidase activity disappeared after
24�h incubation. In the rest of the strains, Mn�perox�
idase activity after 24 and 48 h of incubation was at a

significantly high level, which is considerably different
from laccase activity dynamics for the same strains.

Among the strains under study, only A. brasilense
Sp107 exhibited extracellular tyrosinase activity
against the specific substrate after 3�h incubation
(Fig. 4). The activity was detected after 24 h incuba�
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tion with the maximum value for A. amazonense 14
and values four to eight times lower for A. brasilense
Cd and Sp107, respectively. On the second day of
incubation, tyrosinase activity increased in the cul�
tures of A. brasilense Sp107, A. irakense KA�3, and
A. lipoferum 59b, while A. amozonense 14 retained its
activity. Thus, tyrosinase activity in some strains did
not decrease and even increased with time, and the
enzyme continued to oxidize L�DOPA to DOPA�
quinone. This effect was not observed in the cases of

laccase and Mn�peroxidase. However, despite its high
stability, tyrosinase activity was by an order of magni�
tude lower than that of laccase and Mn�peroxidase.
Tyrosinase activity in A. lipoferum 43 was not deter�
mined. It is important that the extracellular phenol
oxidases under study (laccases, Mn�peroxidases, and
tyrosinases) in A. lipoferum 43 culture lost their activity
after 24 h of incubation (Figs. 2 and 4). This distin�
guished the strain from the others.
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Fig. 4. Dynamics of tyrosinase activity of Azospirillum strains. See the caption to Fig. 2 for the legend. Extracellular (A) and intra�
cellular (B) enzymes.

Fig. 5. Dynamics of lignin peroxidase activity of Azospirillum strains. A. irakense KBC�1 (1), A. irakense KA�3 (2), A. lipoferum
43 (3), A. brasilense Sp7 (4), and A. amazonense 14 (5). I, II, and III indicate 3, 24, and 48 h of enzyme incubation with the sub�
strate. Extracellular (A) and intracellular (B) enzymes.
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We found that lignin peroxidase activity in some
Azospirillum strains (A. irakense KA�3 and KBC�1,
A. lipoferum 43, A. brasilense Sp7, and A. amazonense
14) was significantly (up to 670 times in some cases)
lower than Mn�peroxidase activity, while in other
strains it was not detected at all (Fig. 5). Lignin perox�
idase activity in washes off bacterial cell surface was
very low and could be revealed only after 24 h of incu�
bation. The highest lignin peroxidase activity was
observed for A. amazonense 14.

Phenol oxidase activity of bacterial intracellular
enzymes. Study of the enzymes demonstrated that,
except for A. lipoferum 43 and A. brasilense Sp7, all
strains exhibited laccase and Mn�peroxidase activity
of practically the same level, which was significantly
lower than that of the extracellular enzymes (Fig. 3).
The enzymes were most active in strains A. irakense
KA�3 and KBC�1 and A. amazonense 14. Intracellular
phenol oxidases in A. brasilense Sp107, Cd, and Sp245
and A. lipoferum 59b were two to six times less active,
although their activity was still sufficiently high. Intra�
cellular laccase activity in A. lipoferum 43 and
A. brasilense Sp7 was at an extremely low level, and
Mn�peroxidase activity was completely absent. A
longer incubation time decreased the yield of the oxi�
dation products in all Azospirillum strains, although
intercellular laccases and Mn�peroxidases remained
active even after 48�h incubation and continued
decomposition of phenolic substrates, although less
intensely.

Very low intracellular tyrosinase activity after 3�h
incubation was observed only in the strains
A. brasilense Sp245, A. irakense KA�3 and KBC�1,
and A. amazonense 14 (Fig. 4). After 24 and 48 h of
incubation, the enzyme activity dynamics did not
change significantly. All Azospirillum strains, except
for the Amazonian one, either did not exhibit any
intracellular tyrosinase activity or the activity was
quite low in comparison to the enzyme activity in the
washes off bacterial cell surfaces.

In the case of intracellular lignin peroxidase activ�
ity dynamics, the pattern was reversed in comparison
to other phenol oxidases under study. Intracellular
enzyme activity was detected at the maximum level
already after 3�h incubation with the substrate, while
lignin peroxidase activity in bacterial surface washes
was revealed only after 1 day of incubation (see above).
With time, the activity decreased but did not disappear
completely and the enzyme continued to oxidize phe�
nol red. The coloration became more intense with
time, which was confirmed with absorbance spectra
analysis evidencing accumulation of phenol red oxi�
dized products, that is, continuous enzyme function�
ing. The highest activity of lignin peroxidase was
observed in strains A. irakense KBC�1 and KA�3.

The results of the experiments demonstrated that
the azospirilla strains under study possessed various
degrees of phenol oxidase activity carried out by an
enzyme complex. Combination of motility and phenol

oxidase activity in bacterial strains under study does
not agree with the results obtained in [16], which evi�
denced that polyphenol oxidase activity was only
present in nonmotile A. lipoferum forms isolated from
the rice rhizosphere while wild strains did not possess
such activity.

The functional importance of phenol oxidases in
azospirilla remains an open question. However, some
assumptions can be made. Azospirillum are nitrogen�
fixing bacteria and thus are in close association with
the roots of some groups of plants. The established
phenol oxidase activity of azospirilla may be related to
the adaptation mechanisms that increase survivability
and competitiveness of bacteria in the rhizosphere due
to their ability to oxidize and polymerize toxic phe�
nolic compounds. Moreover, the ability of some
strains, for example, A. brasilense Sp245, not only to
colonize root surfaces, but also to invade the root, has
been established [1]. It is not impossible that the
mechanism of azospirilla invasion includes, along
with other enzyme complexes, bacterial phenol oxi�
dases that degrade the root cell envelope and thus pro�
mote survival and proliferation of azospirilla inside the
root. Participation of phenol oxidases—specifically,
laccases and tyrosinases—in melanin synthesis and
formation of bacterial cell pigments is also quite possi�
ble; this increases the chances of the culture’s survival
under unfavorable conditions, as was demonstrated
for fungi [29, 30]. Therefore, ability of azospirilla to
synthesize various phenol oxidases revealed in the
study may evidence significant adaptative capabilities
and activity of microorganisms in the rhizosphere.
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