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Eight actinomycetes of the genera Amycolatopsis and Streptomyces were tested for the degradation of
aromatic compounds by growth in a liquid medium containing benzoate, monohydroxylated benzoates, or

quinate as the principal carbon source. Benzoate was converted to catechol. The key intermediate in the
degradation of salicylate was either catechol or gentisate, while m-hydroxybenzoate was metabolized via
gentisate or protocatechuate. p-Hydroxybenzoate and quinate were converted to protocatechuate. Catechol,
gentisate, and protocatechuate were cleaved by catechol 1,2-dioxygenase, gentisate 1,2-dioxygenase, and
protocatechuate 3,4-dioxygenase, respectively. The requirement for glutathione in the gentisate pathway was

dependent on the substrate and the particular strain. The conversion ofp-hydroxybenzoate to protocatechuate
by p-hydroxybenzoate hydroxylase was gratuitously induced by all substrates that were metabolized via
protocatechuate as an intermediate, while protocatechuate 3,4-dioxygenase was gratuitously induced by
benzoate and salicylate in two Amycolatopsis strains.

Several catabolic pathways for the breakdown of aromatic
compounds are known, and most of this knowledge comes
from studies of members of the genus Pseudomonas (15, 20,
30). This genus is regarded as ubiquitous and successful
because of its well-known capacity to utilize an extraordi-
narily wide range of compounds, including many aromatics,
as nutrients. In fact, the elective culture techniques for the
isolation of microorganisms with unusual catabolic activities
favor the selection of these organisms, which have faster
growth rates and rapidly dominate the culture. Also, gram-
negative bacteria are favored since the methods for in vitro
recombination are well developed. The nutritional versatility
of the soil actinomycetes is quite comparable with that of
pseudomonads (6). However, there is only a little informa-
tion available on the degradation routes for aromatic com-
pounds by this interesting group of organisms. It has been
known for many years that nocardioform actinomycetes,
especially members of the genus Rhodococcus, are able to
degrade a wide variety of aromatic substrates, including
nitroaromatic compounds (4, 5), pyridine (29), 4-chloroben-
zoate (13), toluate (18), and pentachlorophenol (3). We have
extended these studies to another related genus, Amyco-
latopsis, because all members of this genus were able to
grow on benzoate or monohydroxylated benzoic acids as the
sole sources of carbon and energy. This genus has been
described in 1985 (16) and, like the Rhodococcus spp.,
belongs to the taxonomical group of nocardioform bacteria.
Most of the members of the genus Amycolatopsis are known
to produce antibiotics (16), but they never have been exam-
ined with regard to their abilities to grow on aromatic
substrates.
For comparison, we also examined a few Streptomyces

strains because some members of this genus are known to
degrade lignin and many other aromatic compounds (2, 7, 21,
22, 26, 27). We selected some Streptomyces species that
have not been looked at before by other authors because we
wanted to demonstrate that the ability to grow on aromatic
substrates is widespread within this genus. We intended to
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detect possible differences between these two groups of
organisms in the routes and induction patterns for the
degradation of benzoate and monohydroxylated benzoic
acids. Quinic acid and protocatechuic acid were included in
our studies in order to demonstrate enzyme induction due to
the formation of protocatechuate.

MATERIALS AND METHODS

Organisms and growth conditions. Amycolatopsis and
Streptomyces spp. were obtained from the German culture
collection (DSM-Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, Braunschweig, Federal Republic of
Germany), except for Streptomyces ghanaensis FH 1290,
which was obtained from W. Wohileben (Universitat
Bielefeld).
Sodium benzoate, p-hydroxybenzoic acid, m-hydroxyben-

zoic acid, salicylic acid, and gentisic acid were obtained
from E. Merck AG, Darmstadt, Federal Republic of Ger-
many; protocatechuic acid, N-ethylmaleimide, NAD,
NADH, and NADPH were obtained from Sigma Chemie
GmbH, Deisenhofen, Federal Republic of Germany.
The culture medium was made according to the method of

Seiler (24) and contained 1 to 3 g of the aromatic substrate
per liter. After inoculation, cultures were grown for 3 to 5
days on a rotary shaker at 30°C.

Preparation of cell extracts. Mycelia were harvested by
centrifugation at 4,400 x g for 10 min and washed with cold
50 mM Tris hydrochloride buffer, pH 8.0. The washed
pellets were suspended in 5 ml of the same buffer, and cells
were disrupted by two passes through an AMINCO French
pressure cell (SLM Instruments Inc., Urbana, Ill.) at 18,000
lb/in2. The extract was cleared by centrifugation at 25,000 x

g for 30 min, and the pellet was discarded. The protein
concentration of the cell extracts was determined by the
biuret method (1) and was usually 7 to 25 mg/ml.

Oxygenase assays. Oxygenase activity in the cell extracts
was assayed at 25°C with an oxygen electrode (Rank Broth-
ers, Bottisham, Cambridge, England). The solubility of 02 in
water at 25°C is approximately 250 ,umol/liter (28). Reaction
mixtures contained 0.1 to 0.5 ml of crude extract, 1.0 ,umol
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of a known oxygenase substrate, and the appropriate buffers
in a final volume of 3 ml. For determination of monooxygen-
ase activity, 0.3 ,umol of NADH or NADPH was added to
the reaction mixtures. Specific activities were calculated as
nanomoles of 02 consumed per minute per milligram of
protein. The following enzyme activities were measured:
benzoate 1,2-dioxygenase (EC 1.13.99.2; 31), salicylate hy-
droxylase (EC 1.14.13.1; 32), m-hydroxybenzoate hydroxy-
lases (EC 1.14.13.23 and 1.14.13.24; 11, 17), p-hydroxyben-
zoate hydroxylase (EC 1.14.13.2; 12), catechol 1,2-
dioxygenase (EC 1.13.11.1; 5), protocatechuate 3,4-
dioxygenase (1.13.11.3; 25), and gentisate 1,2-dioxygenase
(EC 1.13.11.4; 9).

Products of ring cleavage generated in cell extracts were
identified spectrophotometrically. Catechol 1,2-dioxygenase
activity was demonstrated by a temporary increase in the
A260 (5), corresponding to the formation of cis,cis-muconate,
as was the activity of protocatechuate 3,4-dioxygenase,
which corresponded to the formation of 3-carboxy-cis,cis-
muconate (25). Gentisate 1,2-dioxygenase was detected by a
temporary increase in the A334 (9) which was due to the
formation of maleylpyruvate. N-Ethylmaleimide was used
for estimating the glutathione dependency of the gentisate
pathway (8).
The monooxygenases like salicylate hydroxylase, m-hy-

droxybenzoate hydroxylase, and p-hydroxybenzoate hy-
droxylase were detected spectrophotometrically by a de-
crease in the A340, corresponding to the disappearance of
NADH or NADPH, respectively. Unlike the m-hydroxyben-
zoate 4-hydroxylase of Pseudomonas testosteroni, which
requires NADPH as a reductant (17), the m-hydroxyben-
zoate hydroxylase of Amycolatopsis spp. requires NADH.
For the glutathione-dependent isomerization of maleylpyru-
vate, 0.3 ,umol of reduced glutathione was added to the
reaction mixture since in the spectrophotometric test for
m-hydroxybenzoate hydroxylase, the formation of maleyl-
pyruvate raises the A340, interfering with the detection of
NADH.

Detection of aromatic compounds. The disappearance of
the aromatic substrates and, in some cases, the transient
formation of gentisate or protocatechuate was followed by
high-pressure liquid chromatography analysis. Samples were
diluted and injected directly onto an Rp-18 column (125 by
4.6 mm, packed with Spherisorb ODS II [5 ,m] [Bischoff
Chromatography, Leonberg, Federal Republic of Germa-
ny]). Two different solvent systems were used, one with 17%
methanol in 0.1 M potassium phosphate buffer (pH 3.0) for
the separation of polar compounds like gentisate (retention
volume, 3.28 ml), protocatechuate (retention volume, 3.54
ml), catechol (retention volume, 4.19 ml), p-hydroxyben-
zoate (retention volume, 5.98 ml), and m-hydroxybenzoate
(retention volume, 7.46 ml) and a second one with 45%
methanol in the same buffer for the separation of less polar
compounds like salicylate (retention volume, 2.95 ml) and
benzoate (retention volume, 4.18 ml). The high-pressure
liquid chromatography system consisted of a high-precision
pump model 300 C and a C-R3A. integrator (Gynkotek
GmbH, Germering, Federal Republic of Germany) and a

Spectroflow 757 absorbance detector (Kratos Analytical
Instruments, Ramsey, N.J.). The analysis was done at a flow
rate of 1 ml/min, and the compounds were detected by their
UV A220.

RESULTS
All four Streptomyces and Amycolatopsis strains were

able to metabolize benzoate or one or more of the hydrox-

TABLE 1. Aromatic substrates tested for degradation by four
strains of Amycolatopsis spp. and Streptomyces spp. and
accumulation of characteristic intermediates (when detected)

Usea of:
Species Ben- Salicy- m-OHB p-OHB Quinate

zoate late

Amycolatopsis spp.
A. mediterranei (DSM - - - + +

40501)
A. rugosa (DSM 43194) + - - +
DSM 43387 + + Prot. Prot. Prot.
DSM 43388 + + Gent. + Prot.

Streptomyces spp.
S. ghanaensis (FH 1290) + - Gent. - Prot.
S. niger (DSM 40302) + + - + +
S. olivaceiscloticus (DSM + + - + +

40595)
S. umbrinus (DSM 40278) + Gent. - + +

a -, No growth; +, utilization of the substrate; Gent., accumulation of
gentisate; Prot., accumulation of protocatechuate; m-OH3, m-hydroxyben-
zoate; p-OHB, p-hydroxybenzoate.

ylated derivatives. We were able to demonstrate by high-
pressure liquid chromatography the transient accumulation
of gentisate or protocatechuate in some cultures during
growth on the appropriate substrate. The data are summa-
rized in Table 1. Enzymes cleaving the aromatic ring, as
shown by the substrate specificity, 02 uptake assays, and
UV absorption, were catechol 1,2-dioxygenase, protocate-
chuate 3,4-dioxygenase, and gentisate 1,2-dioxygenase (Ta-
ble 2). All dioxygenases are inducible, and high specific
activities were observed only when the cultures contained
the appropriate aromatic compounds.

Benzoate. Benzoate was converted to catechol by all
strains able to grow on this substrate. Further metabolism
proceeded via the catechol branch of the 3-ketoadipate
pathway. This is corroborated by the occurrence of high
specific activities of catechol 1,2-dioxygenase (Table 2). In
two Amycolatopsis strains, a gratuitous induction of proto-
catechuate 3,4-dioxygenase (Table 2, E2) which was not
observed in Amycolatopsis rugosa and the four Streptomy-
ces strains examined occurred. Another interesting observa-
tion was the gratuitous induction of salicylate hydroxylase in
these two strains when they were cultivated in the presence
of benzoate (Table 2, E5).

Salicylate. For the degradation of salicylate, we were able
to demonstrate the existence of two different routes within
the genus Streptomyces (Table 2 and Fig. 1). Streptomyces
niger DSM 40302, Streptomyces olivaceiscleroticus DSM
40595, and Amycolatopsis spp. DSM 43387 and 43388 con-
verted salicylate to catechol, and further metabolism was via
the catechol branch of the ,B-ketoadipate pathway. The
pattern of enzymes induced in these strains very much
resembled that obtained with benzoate (Table 2). However,
there was one exception: Streptomyces umbrinus (DSM
40278) converted salicylate to gentisate (Table 1), and we
could demonstrate gentisate 1,2-dioxygenase activity, while
no other ring-cleaving dioxygenase was detectable for this
strain. Furthermore, no reduced glutathione was required
for the gentisate pathway induced by salicylate (Fig. 2).

m-Hydroxybenzoate. m-Hydroxybenzoate was degraded
by only three of the eight strains investigated. Interestingly,
we found two different degradation routes within the genus
Amycolatopsis. Strain DSM 43387 metabolized this sub-
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TABLE 2. Specific activities of monooxygenases and
dioxygenases in cell extracts of Amycolatopsis and
Streptomyces spp. grown on different substrates

Sp actb in:
Species Substratea

El E2 E3 E4 E5 E6 E7

A. mediterranei p-OHB - 99 - - - - 228
(DSM 40501) Quinate - 42 - - - - 12

Protocat. - 65 - - - - 38

A. rugosa Benzoate 330 - - 12 -

(DSM 43194) p-OHB - 139 - - - - 87
Protocat. - 10 -

Amycolatopsis sp. Benzoate 168 28 - 17 13 - -
(DSM 43387) Salicylate 569 72 - - 83 - -

m-OHB 9 22 - - - 18 12
p-OHB 13 13 - - - - 43
Quinate 5 38 - - - - 10
Protocat. 10 40 - - - - 7

Amycolatopsis, sp. Benzoate 222 25 - 53 26 - -
(DSM 43388) Salicylate 103 84 - 15 134 - -

m-OHB - - 250 - 11 199 -
p-OHB 35 19 25 - - - -
Quinate 6 65 16 - - - -
Protocat. 5 17 35 - - - -

S. ghanaensis Benzoate 27 - - -c
(FH 1290) m-OHB - - 128 - - 44 -

Quinate - 11 -

S. niger Benzoate 127 - - -c
(DSM 40302) Salicylate 136 - - - _ _

p-OHB - 114 - - - - 75
Quinate - 22 - - - - 20

S. olivaceiscloticus Benzoate 206 .- c-
(DSM 40595) Salicylate 102 _c - -

p-OHB - 105 - - - - 99
Quinate - 113 - - - - 24

S. umbrinus Benzoate 194 ...C
(DSM 40278) Salicylate - - 94 -c - -

p-OHB - 58 - - - - 110
Quinate - 15 - - - - 35

ap-OHB, p-Hydroxybenzoate; Protocat., protocatechuate; m-OHB, m-
hydroxybenzoate.

b Expressed as nanomoles of substrate oxidized per minute per milligram of
protein. El, Catechol 1,2-dioxygenase; E2, protocatechuate 3,4-dioxygenase;
E3, gentisate 1,2-dioxygenase; E4, benzoate 1,2-dioxygenase; E5, salicylate
hydroxylase; E6, m-hydroxybenzoate hydroxylase; E7, p-hydroxybenzoate
hydroxylase; -, no enzyme activity detected.
cThe benzoate 1,2-dioxygenase and salicylate hydroxylase activities of

Streptomyces spp. were not detectable by our methods, probably because of
the instability of these enzymes.

strate via protocatechuate; accordingly, we detected m-

hydroxybenzoate hydroxylase (Table 2, E6) and protocate-
chuate 3,4-dioxygenase activities. In addition to these
expected enzyme activities, we observed induction of p-
hydroxybenzoate hydroxylase and, to some extent, catechol
1,2-dioxygenase. This pattern of induced enzymes somehow
resembles that obtained after growth on p-hydroxybenzoate,
quinate, and protocatechuate (Table 2). Another Amyco-
latopsis strain (DSM 43388) able to grow on m-hydroxyben-
zoate as the sole carbon source and S. ghanaensis (FH 1290)
converted this substrate to gentisate (Table 1). In both
strains, induction of the gentisate 1,2-dioxygenase occurred
while no other ring-cleaving dioxygenase was detected in

cell extracts. However, these two strains differed with
regard to the glutathione requirements of their gentisate
pathways. In Amycolatopsis sp. strain DSM 43388, the
maleylpyruvate disappeared even without the addition of
reduced glutathione and in the presence of N-ethylmaleimide
(Fig. 3). In contrast, the gentisate pathway in S. ghanaensis
is glutathione dependent (Fig. 4).
p-Hydroxybenzoate. p-Hydroxybenzoate was converted to

protocatechuate by all strains that were able to grow on this
substrate and was further degraded via the P-ketoadipate
pathway as demonstrated by the presence of protocatechu-
ate 3,4-dioxygenase activities (Table 2, E2). In addition to
this enzyme, all strains with the exception of Amycolatopsis
sp. strain DSM 43388 exhibited an induction of the p-
hydroxybenzoate hydroxylase. Amycolatopsis sp. strain
DSM 43388 had a lag period of 7 to 10 days until growth on
p-hydroxybenzoate was initiated, and concentrations higher
than 1 g/liter inhibited growth. Thus, it seems that the
p-hydroxybenzoate hydroxylase of this strain is quite unsta-
ble and has a low specific activity. In the two Amycolatopsis
spp. strains DSM 43387 and DSM 43388, we could demon-
strate a weak induction of the catechol 1,2-dioxygenase by
p-hydroxybenzoate, and interestingly, in strain DSM 43388,
the gentisate 1,2-dioxygenase was induced by this substrate
as well (Table 2). The induction was about 10% of that
observed with m-hydroxybenzoate as the substrate. This is
the first example of such an unusual induction pattern within
the actinomycetes.

Nearly identical patterns of enzyme induction were ob-
served after growth on p-hydroxybenzoate, quinate, or
protocatechuate (Table 2). In addition to protocatechuate
3,4-dioxygenase, there was always an induction of the p-
hydroxybenzoate hydroxylase. There were only two excep-
tions: in A. rugosa, we never observed any gratuitous
induction, and in Amycolatopsis sp. strain DSM 43388,
p-hydroxybenzoate hydroxylase was not detected at all. We
therefore propose that protocatechuate may serve as an
inducer for p-hydroxybenzoate hydroxylase within the
genus Streptomyces and within at least two of the four
Amycolatopsis strains. The activity of this enzyme was
highest with p-hydroxybenzoate at the level of the fully
induced enzyme, while other substrates always resulted in
lower enzyme activities. In Amycolatopsis sp. strain DSM
43388, we observed the unexpected induction of the genti-
sate 1,2-dioxygenase by all substrates that were degraded via
protocatechuate, which seemed to act here as a weak
inducer for this enzyme. However, we cannot rule out the
possibility that the observed enzymatic activity resulted
from an unspecific cleavage of gentisate by protocatechuate
3,4-dioxygenase.

DISCUSSION

The most likely catabolic pathways for benzoate and the
monohydroxylated benzoates in Amycolatopsis and Strepto-
myces spp. are outlined in Fig. 1. Our conclusions are
derived from the pattern of oxygenase induction, by high-
pressure liquid chromatography analysis of the culture fluid,
and by spectrophotometry of reaction mixtures containing
cell extracts.
With respect to the degradation routes, the two genera

Streptomyces and Amycolatopsis resemble each other. Dif-
ferences appear only in the degradation of salicylate and
m-hydroxybenzoate. In the genus Streptomyces, salicylate
could be catabolized by two different pathways. All Amyco-
latopsis strains and two of the three streptomycetes able to
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FIG. 1. Catabolism of benzoate and monohydroxylated benzoates by Amycolatopsis and Streptomyces spp. Each reaction shown was
found in one or more strains. I, Benzoic acid; II, salicylic acid; III, m-hydroxybenzoic acid; IV, p-hydroxybenzoic acid; V, quinic acid; VI,
catechol; VII, gentisic acid; VIII, protocatechuic acid; IX, cis,cis-muconic acid; X, maleylpyruvic acid; XI, P-carboxy-cis,cis-muconic acid;
GSH, reduced glutathione.

grow on this substrate degraded the compound via catechol,
while in S. umbrinus, the gentisate pathway was induced
(Tables 1 and 2). This indicates that there may exist two
different salicylate hydroxylases in streptomycetes: the sa-
licylate 1-hydroxylase, leading to the formation of catechol,
and the salicylate 5-hydroxylase, which forms gentisate. It

should be mentioned that this reflects a well-known situation
in the genus Pseudomonas, where two different degradation
routes for salicylate exist, one via catechol and a second via
gentisate (33).
The common catabolism of m-hydroxybenzoate in strep-
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FIG. 2. Glutathione independency of the gentisate pathway in S.
umbrinus. The strain was grown on salicylate. The transient in-
crease in the A330 (E330) in the presence of 1 mM N-ethylmaleimide
is due to the rapid isomerization of maleylpyruvate. The reaction did
not require the addition of reduced glutathione.
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FIG. 3. Glutathione independency of the gentisate pathway in
Amycolatopsis sp. strain DSM 43388. The strain was grown on
m-hydroxybenzoate. The transient increase in the A330 (E330) in the
presence of 1 mM N-ethylmaleimide was due to the rapid isomer-
ization of maleylpyruvate. The reaction did not require addition of
reduced glutathione.
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FIG. 4. Glutathione dependency of the gentisate pathway in S.
ghanaensis. The strain was grown on m-hydroxybenzoate. The A330
(E330) in the presence of 1 mM N-ethylmaleimide (accumulation of
maleylpyruvate) was followed. Arrow indicates addition of 1 mM
reduced glutathione (GSH).

tomycetes is via gentisate (25). In our study, S. ghanaensis
was the only strain of the genus Streptomyces able to
metabolize m-hydroxybenzoate, and indeed, we found an

induction of gentisate 1,2-dioxygenase. The genus Amyco-
latopsis had two degradation routes for m-hydroxybenzoate,
either via gentisate or via protocatechuate (Table 2). Again,
this reflects a well-known situation in the genus Pseudomo-
nas, where two different m-hydroxybenzoate hydroxylases
have been observed (12, 17, 33). Therefore, we propose that
there exists a m-hydroxybenzoate 4-hydroxylase as well as a

m-hydroxybenzoate 6-hydroxylase within the genus Amyco-
latopsis. However, this position assignment is based only on

the appearance of intermediates of m-hydroxybenzoate me-

tabolism and on induction of the corresponding dioxygena-
ses. To prove this proposal, it is necessary to characterize
the enzyme reaction products, which was not possible in
crude cell extracts that were used in our investigations.
Therefore, no position assignments for the salicylate hydrox-
ylases or for the m-hydroxybenzoate hydroxylases are made
in Table 2.

Interestingly, there was a difference in the glutathione
requirement of the gentisate pathway when induced either
by salicylate or by m-hydroxybenzoate. The enzyme in-
duced by m-hydroxybenzoate in S. ghanaensis required
reduced glutathione for the isomerization of maleylpyruvate
(Fig. 4), while pathways induced by salicylate in S. umbrinus
and by m-hydroxybenzoate in Amycolatopsis sp. strain
DSM 43388 are glutathione independent (Fig. 2 and 3). As
has been pointed out by Crawford and Frick (8), there are

two possible explanations for the reduced glutathione-inde-
pendent gentisate pathway. The maleylpyruvate may be
directly cleaved to maleate and pyruvate, or the isomeriza-
tion of maleylpyruvate to fumarylpyruvate which normally is
catalyzed by a reduced glutathione-requiring isomerase may

be reduced glutathione independent. Unfortunately, we
were not able to distinguish between these two possibilities.
Regarding the regulation of enzyme induction, there were

some differences observed between the two genera Amyco-
latopsis and Streptomyces. The genus Amycolatopsis be-
longs to the taxonomical group of nocardioform actino-
mycetes (16), and for these organisms, Cain (6) has reported
that the enzymes of the protocatechuate branch of the
P-ketoadipate pathway are induced by P-ketoadipate. In-
deed, these enzymes were gratuitously induced in the two
Amycolatopsis spp. strains DSM 43387 and DSM 43388
when the cells were grown on substrates that were degraded
via catechol (Table 2). In A. rugosa, however, we never
observed a gratuitous induction of enzymes involved in the
breakdown of aromatic compounds, and all streptomycetes
tested showed no activity of the enzymes of the protocate-
chuate branch on substrates that are not metabolized via
protocatechuate. This shows that differences in the regula-
tion of enzyme induction appear even within one genus and
that the streptomycetes exhibit induction patterns different
from those of Amycolatopsis spp.

For both genera, we observed a gratuitous induction of the
p-hydroxybenzoate hydroxylase on all substrates that were
catabolized via protocatechuate (Table 2). Therefore, we
propose that protocatechuate is an inducer of this enzyme in
Streptomyces and Amycolatopsis spp. This contradicts the
observations of Hosokawa and Stanier (12) and Cain (6),
who found an induction of p-hydroxybenzoate 3-hydroxy-
lase by p-hydroxybenzoate itself. However, only a weak
induction of p-hydroxybenzoate hydroxylase was observed
in strains grown on substrates which were degraded via
protocatechuate (Table 2). This may indicate that induction
of this enzyme is accomplished by more than one inducer;
however, p-hydroxybenzoate is necessary for full induction
of the enzyme. Another unexpected result was the induction
of gentisate 1,2-dioxygenase in Amycolatopsis sp. strain
DSM 43388 by all substrates that were degraded via proto-
catechuate (Table 2).
Our data show that the catabolic diversity for the degra-

dation of monocyclic aromatic compounds within the genera
Streptomyces and Amycolatopsis is quite similar to that
observed within the pseudomonads. However, we never
detected any meta-cleaving dioxygenases by the photomet-
ric tests described by Kojima et al. (14) for metapyrocate-
chase and by Ono et al. (19) for protocatechuate 4,5-
dioxygenase. This is in agreement with reports by other
workers on nocardioform actinomycetes (6, 10, 18) and
streptomycetes (26) that meta cleavage seems to be a rare
event in actinomycetes and, if it occurs, depends very
strongly on the substrates that serve as inducers (23). To
summarize, our data support the notion, which deserves
further investigation, that the soil actinomycetes play an
important role in the recycling of aromatic residues in
nature.

ACKNOWLEDGMENTS

We thank E. M. Zellermann for excellent technical assistance.
This work was supported by grant no. 0319366A from the

Bundesminister fur Forschung und Technologie of the Federal
Republic of Germany.

LITERATURE CITED
1. Aebi, H. 1965. Einfuhrung in die praktische Biochemie. Akade-

mische Verlagsgesellschaft, Frankfurt.
2. Antai, S. P., and D. L. Crawford. 1983. Degradation of phenol

by Streptomyces setonii. Can. J. Microbiol. 29:142-143.

VOL. 56, 1990 1463



APPL. ENVIRON. MICROBIOL.

3. Apajalahti, J. H. A., and M. S. Salkinoja-Salonen. 1987. Dechlo-
rination and para-hydroxylation of polychlorinated phenols by
Rhodococcus chlorophenolicus. J. Bacteriol. 169:675-681.

4. Cain, R. B. 1958. The microbial metabolism of nitro-aromatic
compounds. J. Gen. Microbiol. 19:1-14.

5. Cain, R. B. 1966. Utilization of anthranilate and nitrobenzoic
acids by Nocardia opaca and Flavobacterium. J. Gen. Micro-
biol. 42:219-235.

6. Cain, R. B. 1981. Regulation of aromatic and hydroaromatic
catabolic pathways in nocardioform actinomycetes. Zentralbl.
Bakteriol. Mikrobiol. Hyg. Abt. 1 Suppl. 11:335-354.

7. Crawford, D. L., and J. B. Sutherland. 1979. The role of
actinomycetes in the decomposition of lignocellulose. Dev. Ind.
Microbiol. 20:143-151.

8. Crawford, R. L., and T. D. Frick. 1977. Rapid spectrophoto-
metric differentiation between glutathione-dependent and glu-
tathione-independent gentisate and homogentisate pathways.
Appl. Environ. Microbiol. 34:170-174.

9. Crawford, R. L., S. W. Hutton, and P. J. Chapman. 1975.
Purification and properties of gentisate 1,2-dioxygenase from
Moraxella osloensis. J. Bacteriol. 121:794-799.

10. Engelhardt, G., H. G. Rast, and P. R. Wallnofer. 1977. Degra-
dation of aromatic carboxylic acids by Norcardia spec. DSM
43251. FEMS Microbiol. Lett. 5:245-251.

11. Groseclose, E. E., D. W. Ribbons, and H. Hughes. 1973. 3-
Hydroxybenzoate 6-hydroxylase from Pseudomonas aerugi-
nosa. Biochem. Biophys. Res. Commun. 55:897-903.

12. Hosakawa, K., and R. Y. Stanier. 1966. Crystallization and
properties of p-hydroxybenzoate hydroxylase from Pseudomo-
nas putida. J. Biol. Chem. 241:2453-2460.

13. Klages, U., and F. Lingens. 1979. Degradation of 4-chloroben-
zoic acid by a Norcardia species. FEMS Microbiol. Lett.
6:201-203.

14. Kojima, Y., N. Hada, and 0. Hayaishi. 1961. Metapyrocate-
chase: a new catechol cleaving enzyme. J. Biol. Chem. 236:
2223-2228.

15. Lack, L. 1959. The enzymic oxidation of gentisic acid. Biochim.
Biophys. Acta 34:117-123.

16. Lechevalier, M. P., H. Prauser, D. P. Labeda, and J.-S. Ruan.
1986. Two new genera of nocardioform actinomycetes: Amyco-
lata gen. nov. and Amycolatopsis gen. nov. Int. J. Syst.
Bacteriol. 36:29-37.

17. Michalover, J. L., D. W. Ribbons, and H. Hughes. 1973.
3-Hydroxybenzoate 4-hydroxylase from Pseudomonas testos-
teroni. Biochem. Biophys. Res. Commun. 55:888-896.

18. Miller, D. J. 1981. Toluate metabolism in nocardioform actino-
mycetes: utilization of the enzymes of the 3-oxoadipate pathway
for the degradation of methyl-substituted analogues. Zentralbl.

Bakteriol. Mikrobiol. Hyg. Abt. 1 Suppl. 11:355-365.
19. Ono, K., M. Nozaki, and 0. Hayaishi. 1970. Purification and

some properties of protocatechuate 4,5-dioxygenase. Biochim.
Biophys. Acta 220:224-238.

20. Ornston, L. N., and R. Y. Stanier. 1966. The conversion of
catechol and protocatechuate to B-ketoadipate by Pseudomonas
putida. I. Biochemistry. J. Biol. Chem. 241:3776-3786.

21. Pometto, A. L., III, and D. L. Crawford. 1985. L-Phenylalanine
and L-tyrosine catabolism by selected Streptomyces species.
Appl. Environ. Microbiol. 49:727-729.

22. Pometto, A. L., III, J. B. Sutherland, and D. L. Crawford. 1981.
Streptomyces setonii: catabolism of vanillic acid via guaiacol
and catechol. Can. J. Microbiol. 27:636-638.

23. Rast, H. G., G. Engelhardt, and P. R. Wallnofer. 1980. 2,3-
Cleavage of substituted catechols in Norcardia spec. DSM
43251 (Rhodococcus rubrus). Zentralbl. Bakteriol. Hyg. Abt. 1
Orig. C. 1:224-236.

24. Seiler, H. 1983. Identification key for coryneform bacteria
derived by numerical taxonomic studies. J. Gen. Microbiol.
129:1433-1471.

25. Stanier, R. Y. 1955. Cleavage of aromatic rings with eventual
formation of P-ketoadipic acid. Methods Enzymol. 2:273-287.

26. Sutherland, J. B., D. L. Crawford, and A. L. Pometto III. 1981.
Catabolism of substituted benzoic acids by Streptomyces spe-
cies. Appl. Environ. Microbiol. 41:442-448.

27. Sutherland, J. B., D. L. Crawford, and A. L. Pometto III. 1983.
Metabolism of cinnamic, p-coumaric, and ferulic acids by
Streptomyces setonii. Can. J. Microbiol. 29:1253-1257.

28. Umbreit, W. W., R. H. Burris, and J. F. Stauffer. 1972.
Manometric biochemical techniques, 5th ed., p. 126-132. Bur-
gess Publishing Co., Minneapolis.

29. Watson, G. K., and R. B. Cain. 1975. Microbial metabolism of
the pyridine ring. Metabolic pathways of pyridine biodegrada-
tion by soil bacteria. Biochem. J. 146:157-172.

30. Wheelis, M. L., N. J. Palleroni, and R. Y. Stanier. 1967. The
metabolism of aromatic acids by Pseudomonas testosteroni and
P. acidovorans. Arch. Mikrobiol. 59:302-314.

31. Yamaguchi, M., and H. Fujisawa. 1980. Purification and char-
acterization of an oxygenase component in benzoate 1,2-dioxy-
genase system from Pseudomonas arvilla C-1. J. Biol. Chem.
255:5058-5063.

32. Yamamoto, S., M. Katagiri, H. Maeno, and 0. Hayaishi. 1965.
Salicylate hydroxylase, a monooxygenase requiring flavin ade-
nine dinucleotide. J. Biol. Chem. 240:3408-3413.

33. Yano, K., and K. Arima. 1958. Metabolism of aromatic com-
pounds by bacteria. II. m-Hydroxybenzoic acid hydroxylase A
and B; 5-dehydroshikimic acid, a precursor of protocatechuic
acid, a new pathway from salicylic acid to gentisic acid. J. Gen.
Appl. Microbiol. 4:241-258.

1464 GRUND ET AL.


