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Abstract—Genetic systems for salicylate catabolism were analyzed in 12 strains of Pseudomonas putida, iso-
lated from polluted soil samples collected in the Murmansk and Tula oblasts. All of the studied P. putida strains
utilize salicylate in the ortho-pathway of catechol cleavage without employing the enzymes of the “classical”
nah2 operon. The data demonstrates that salicylate degradation in the studied strains is performed with the
involvement of the salicylate hydroxylase gene analogous to the nahU gene of strain P. putida ND6. New vari-
ants of salicylate hydroxylase genes nahG1 and nahU were found.
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Salicylate is widespread in nature, being an impor-
tant part of metabolism in animals, plants, and microor-
ganisms. Salicylate is the key intermediate in the bio-
degradation pathways of naphthalene, phenanthrene,
and naphthoquinones and plays an important role in
regulating the expression of some bacterial genes [1—
4]. At this time, the biochemical pathways of salicylate
degradation in microorganisms have been well studied.
Bacteria of the genus Pseudomonas can utilize salicy-
late in two ways, transforming it either into catechol,
using salicylate hydroxylase [5] or into gentisic acid,
using salicylate 5-hydroxylase [6, 7]; the former variant
of salicylate transformation is more widespread
(Fig. 1). Genetic control of salicylate degradation
through the meta-pathway of catechol degradation was
studied in detail on the nah2-operon of P. putida G7
plasmid NAH7 [8]. The catabolic genes of plasmid
NAH?7 are arranged into two operons: nahl (nahAaA-
bAcAdBFCED) controls naphthalene transformation
into salicylate and nah2 (nahGTHINLOMKJ) controls
salicylate utilization to the intermediates of the tricar-
boxylic acid cycle. The expression of both operons is
under the positive control of the regulatory gene nahR
[9]. Genetic control of salicylate catabolism in fluores-
cent pseudomonads is very conservative. At present, the
data on the distribution of the genes for salicylate catab-
olism in this group of microorganisms, concerns
mainly the genes controlling salicylate degradation by
the catechol cleavage meta-pathway.

! Corresponding author; e-mail: tatiz@ibpm.pushchino.ru

The goal of the present work was to search for and
study the genes of salicylate degradation, different from
the archetype of plasmid NAH7 in the strains of fluo-
rescent pseudomonads.

MATERIALS AND METHODS

Salicylate-degrading strains isolated by the method
of enrichment cultures from polluted soils as described
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Fig. 1. Biochemical pathways of salicylate degradation by
Pseudomonas bacteria.
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Table 1. Bacterial strains and plasmids used in the work

Strain Characteristics* Plasmid Source
P. putida PpG7 | Nah*Sal* NAH7, IncP-9p (83 kb) I.C. Gunsalus,USA
P. putida g5 F | Sal*Gen*Tol* pGl15 Soil samples from the highway shoulder,
Kandalaksha, Murmansk oblast
P. putida g20 F | Sal* pG20
P. putida g24 F | Sal*Tol* pG24

P. putida NS7

P. putida NS11
P. putida NS12
P. putida NS15
P. putida NS17
P. putida NS18
P. putida NS20
P. putida NS22
P. putida NS24

Sal*Cap*BTEX*Tol*RifR

Sal*Cap*Ben*Gen*Tol*RifR
Sal*Cap*BTEX*Ben*Tol*RifR
Sal*Cap*Gen*RifR
Sal*Cap*RifR

Sal*Cap*
Sal*Cap*Gen*RifRSmR
Sal*Cap*Ben*Tol*RifR
Sal*Cap*Ben*Tol*RifRSmR

pNS7-1, pNS7-2 Soil samples from the territory of the

Shchekinoazot Company, Shchekino,
Tula oblast

pNS11-1, pNS11-2 "
pNS12-1, pNS12-2 "
pNS15 "
pNS17 "
pNS18 "
pNS20-1, pNS20-2 "
pNS22-1, pNS22-2 "
pNS24 "

P. putida BS202 |Nah*Sal*Gen™*

P. putida KT2442 | Nah~Sal gfpKmR

pNPL-1, IncP-9f3 (100 kb)

Laboratory collection, isolated from coal
mine soil samples, Makeevka, Ukarine

- Kindly provided by K. Smalla (Germany)

* The ability to utilize, as the sole carbon and energy source: naphthalene (Nah™), salicylate (Sal*), caprolactam (Cap™), gentisate (Gen*),
toluene (Tol™), benzene (Bent), and BTEX (BTEX"); BTEX is a mixture of monocyclic hydrocarbons of benezene, toluene, ethylben-
zene, and xylene; RifX, SmR, and Km®: resistance to rifampicin, streptomycin, and kanamycin, respectively.

previously [10], were used in the work. The bacterial
strains and plasmids used are presented in Table 1. The
strains were grown overnight in a shaker, in an LB
medium [11] and in an Evans mineral medium [12] at
28°C. Salicylate or succinate (1 g/l) was used as a car-
bon source.

Total bacterial DNA was isolated according to [13].
DNA concentration was determined in a TKO-100 flu-
orimeter (Hoefer Scientific Instruments, United States)
with Hoechst 33258 dye (Bio-Rad, United States)
according to the manufacturer’s protocol.

Plasmid DNA was visualized by the method of field
inverted gel electrophoresis (FIGE). Plasmid DNA was
prepared as agarose-block inserts according to [14].
Inverted electrophoresis was performed according to
the protocol of the manufacturer (Bio-Rad, United
States).

Conjugation transfer of the plasmids into a recipient
strain P. putida KT2442 was carried out according to
[15]. Transconjugants were tested for the presence of
plasmids and the gfp gene.

MICROBIOLOGY  Vol. 77 No. 6 2008

Enzymes and buffer solutions used in the work were
produced by Fermentas (Lithuania). All procedures
were performed in accordance with the recommenda-
tions of the manufacturer.

Polymerase chain reaction (PCR) was performed in
a Mastercycler Gradient device (Eppendorf, Germany).
The reaction was conducted under standard conditions,
with the final concentration of deoxyribonucleotide
triphosphates, 200 uM; MgCl,, 1.5 mM; and, in some
cases, 5% dimethyl sulfoxide (DMSO) (Sigma, United
States). Oligonucleotide primers used are presented in
Table 2.

DNA electrophoresis was performed in 0.8% agar-
ose in a 0.5x Tris—borate buffer by the standard proce-
dure [11]. DNA was visualized by gel staining in an
ethidium bromide solution.

Cell-free extracts were obtained by the destruction of
frozen biomass in an IBPM press (Russia). Cell debris was
precipitated by centrifugation (11000 g, 10 min). The
activities were measured as follows: salicylate hydroxy-
lase as in [4], catechol-1,2-dioxygenase as in [20], and cat-
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Table 2. PCR primers used in the work

Gene Primer Nucleotide sequence PCR pr%(liqut size, Reference

BOXAIR 5'-CTA CGG CAA GGC GAC GCT GAC G-3' - 16

16S pPHK | 8f 5'-AGA GTT TGA TCM TGG CTC AG-3' 1484 17
1492r 5'-TAC GGH TAC CTT GTT ACG ACT T-3'

nahG shcl_up 5'-CGG CKT THG GTG ARG TCG GTG C-3' 803 18
shel_lo 5'-GGC GAG GAA RTA GGC GTC CTC AAG 3'

nahGl KT_136f 5'-ATT CAT ATC GGC CCT AAC G-3' 994 Present work
KT_1129r 5'-CAA GCTGCT GCC CAT AGA G-3'

nagG 458f 5'-CCT GAC CAA GCT SAA GGT-3' 766 5
1224r 5'-CGT YTC GGT SAC CAT GTG-3'

nahR nahR_1f 5'-ATG GAA CTG CGT GAC CTG G 3' 585 18
nahR _585r  |5-GCC GTA GGA ACA GAA GCG 3'

nahH 230F 5'-ATG GAT DTD ATG GGD TTC AAG GT-3' 791 19
230R 5'-ACD GTC ADG AAD CGD TCG TTG AG-3'

nahU nahGU_244f |5-GACATCTGGTTCGAATGGCG-3' 654 Present work
nahU_898r | 5-CAAGATCATGCAGCGCCC-3'

catA C120_UP 5'-GCG HAC VAT CGA AGG NCC RYT GTA-3' 462 5
C120_LOW?2 | 5.TCR CGS GTN GCA WAN GCA AAG TC-3'

echol-2,3-dioxygenase as in [21]. Protein concentration
was assayed spectrophotometrically [22].

RESULTS

Isolation and characterization of salicylate-
degrading strains. Strains of salicylate destructors iso-
lated by the method of enrichment cultures, from two
samples of polluted soils from the Murmansk and Tula
oblasts, were used in the work. As a result of the inoc-
ulation of 60 obtained salicylate destructors in a King B
medium, 45 strains of the fluorescent group were
selected. According to their morphological and physio-
logical characteristics, the studied strains were
assigned to the genus Pseudomonas according to [23].
The species affiliation of the strains of fluorescent
pseudomonads were determined on the basis of an
amplified ribosomal DNA restriction analysis
(ARDRA) of the 16S rRNA gene amplification prod-
ucts according to [10]. Among the salicylate destruc-
tors, 25 were tentatively classified as P. putida. In the
present work, 12 P. putida strains, different from each
other, were used (Table 1). All the selected strains could

grow on salicylate, seven of them also grew on toluene,
four strains grew on benzene, and two strains grew on
BTEX. In addition, four of the 12 strains were able to
degrade gentisate and nine strains could degrade capro-
lactam (Table 1).

Genotypic analysis of P. putida strains. The phylo-
genetic differences between the strains of the same spe-
cies were established by genome fingerprinting (REP-
PCR), using the BOXAIR primer [16]. REP-PCR
revealed that the studied P. putida strains belonged to
four groups of genome fingerprints by the degree of
similarity (Fig. 2). The first group is formed by strains
P. putida g15f, g20f, and g24f isolated from soils of
Kandalaksha (Table 1). The second group includes
strains P. putida NS7, NS15, NS17, NS18, and NS24
(Shchekino, Tula oblast) and the third group includes
P. putida NS11, NS12, and NS20 (Shchekino). Strain
P. putida NS22 occupies a separate position, forming
its own group. Strains P. putida NS11,NS12, and NS20
proved to be closely related to the previously described
naphthalene-degrading strain, P. putida BS202 [18],
although they were isolated from geographically dis-
tant regions (Fig. 2, Table 1).

MICROBIOLOGY  Vol. 77 No. 6 2008
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The method of field inverted gel electrophoresis
showed that all strains possessed plasmids of more than
180 kb in size and, besides, five of them had a second
plasmid of a much larger size; these findings were con-
firmed by processing of the block inserts by restriction
endonucleases EcoRI and HindIIl (Fig. 3). Neverthe-
less, the experiments on conjugal transfer into the
recipient strain P. putida KT2442 in a selective medium
with salicylate gave no positive results.

Amplification of the key genes of salicylate deg-
radation. For the study of genetic control of salicylate
degradation in the relevant strains, salicylate hydroxy-
lase gene nahG, catechol-2,3-dioxygenase gene nahH,
and regulatory gene nahR were used as the marker
genes of the “classical” nah2-operon. Additionally, the
strains were tested for the presence of catechol-1,2-
dioxygenase gene (catA), “non-classical” salicylate
hydroxylase gene nahU of strain P. putida ND6 (Gen-
Bank Acc. No. AY208917) not included in the nah2
operon, chromosomal salicylate hydroxylase pseudo-
gene nahGl of strain P. putida KT2440 (AE016788)
(the so-called “KT-like” gene), and the gene of the large
subunit of salicylate-5-hydroxylase (nagG). The results
of the amplification of salicylate catabolism genes are
shown in Table 3.

Specific amplification of the genes of catechol-1,2-
dioxygenase, catA, and salicylate hydroxylase, nahU,
was observed in all of the analyzed samples. As a result
of amplification of the nahGI pseudogene, PCR prod-
ucts of 994 bp were obtained only in strains P. putida
g15f, g20f, g24f, NS11, NS12, NS20, and NS22. None
of the studied samples showed amplification of the
selected marker genes of the “classical” nah2 operon or
the nagG gene of salicylate-5-hydroxylase (Table 3).

Analysis of the polymorphism of the nahU and
nahGl genes of P. putida strains. The polymorphism
of the nahU and nahGI genes of salicylate hydroxy-
lases in the studied strains was analyzed by a restriction
fragment length polymorphism (RFLP) analysis, using
restriction endonucleases. The nahU gene amplifica-
tion products (654 bp), were treated with restriction
endonucleases Rsal, Haelll, and Mspl. RFLP analysis
of amplicons showed the presence of the salicylate
hydroxylase gene in eight of the studied strains, and the
pattern of its hydrolysis by these restriction endonu-
cleases was identical to the hydrolysis pattern of the
nahU gene from P. putida ND6 (Fig. 4a). In three of
the studied strains (P. putida gl5f, g20f, g24f), the
hydrolysis patterns of the amplicons of this gene dif-
fered from the profiles of the nahU gene and were abso-
lutely identical to each other (Fig. 4a).

The products of amplification of the “KT-like” sali-
cylate hydroxylase gene nahGI (994 bp) were treated
with restriction endonucleases Haelll and Mspl
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Fig. 2. Genomic fingerprint (REP-PCR) of P. putida strains
with the BOXAIR primer. M, M1 (Ekobiotekhnologiya); 7,
P. putida g15f; 2, P. putida g20f; 3, P. putida g24f; 4,
P. putida NS7; 5, P. putida NS15; 6, P. putida NS17; 7,
P. putida NS18; 8, P. putida NS24; 9, P. putida NS22; 10,
P. putida NS11; 11, P. putida NS12; 12, P. putida NS20; 13,
P. putida BS202.

(Fig. 4b). The obtained hydrolysis patterns were com-
pared with the restriction profiles of the amplicons of
the nahG1 gene of marker strains: P. putida KT2440
and strain P. putida BS3790 from the laboratory collec-
tion (unpublished data).

Restriction analysis of the amplicons showed that
the strains P. putida NS11, NS12, NS20, and NS22 had
the nahG1 gene and the patterns of its digestion with
Haelll and Mspl were similar to hydrolysis patterns of
the nahG1l gene from P putida BS3790 (Fig. 4b).
Besides, the patterns of hydrolysis of nahG1 amplicons
in three of the studied strains (P. putida g15f, g20f, and
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(a) (b)
M1 2 3 456 7 8 9101112M M [ 2 3 4

Fig. 3. Plasmid profiles of the studied strains obtained by the method of field inverted gel electrophoresis. a, electrophoregram of
native plasmids: M, A co-integrates; I, P. putida g15f; 2, P. putida g20f; 3, P. putida g24f; 4, P. putida NS7; 5, P. putida NS11; 6,
P. putida NS12; 7, P. putida NS15; 8, P. putida NS17; 9, P. putida NS18; 10, P. putida NS20; 11, P. putida NS22; 12, P. putida NS24;
b, electrophoregram of restriction of block inserts by restriction endonuclease HindIIl: M, 2.5 Kb Ladder (BioRad); I, P. putida
g24f; 2, P. putida NS12; 3, P. putida NS17; 4, P. putida NS22.

g24f) were absolutely identical to each other and dif- activities of the key enzymes of salicylate biodegrada-
fer'ed from restriction profiles of both marker strains tjon (salicylate hydroxylase, catechol-2,3-dioxygenase,
(Fig. 4b). and catechol-1,2-dioxygenase) were measured in all of

The analysis of specific activities of the salicylate the studied P. putida strains. Analysis of enzyme activ-
catabolism enzyme in P. putida strains. Specific ities revealed the activities of salicylate hydroxylase

Table 3. Amplification of the key genes of PAH biodegradation

Strain nahG nahH nahR nahGl nagG nahU catA
P. putida g15F - - - ++ — +—+ ++
P. putida g20 F - - - ++ — 4+ ++
P. putida g24 F - - - ++ - ++ ++
P. putida NS7 - - - - — ++ ++
P. putida NS11 - - - ++ — ++ ++
P. putida NS12 - - - ++ - ++ ++
P. putida NS15 - - - - - ++ ++
P. putida NS17 - - - - — 4+ ++
P. putida NS18 - - - - - +—+ ++
P. putida NS20 - - - ++ - ++ ++
P. putida NS22 — - - ++ — ++ ++
P. putida NS24 - - - - — T+ ++

Note: Amplification efficiency: (++), very good; (=), no amplification product.

MICROBIOLOGY  Vol. 77 No. 6 2008
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Fig. 4. Restriction of amplification products: a, two variants of the nahU gene, 654 bp, treated with restriction endonucleases Rsal,
Mspl, and Haelll: M, 50 bp Ladder (Fermentas, Lithuania); /, P. putida g20f; 2, P. putida NS12; b, two variants of the nahG1 gene,
994 bp, treated with restriction endonucleases Haelll and Mspl: M, 50 bp Ladder (Fermentas, Lithuania); I, P. putida g15f; 2,

P. putida NS11; 3, P. putida BS3790; 4, P. putida KT2442.

and catechol-1,2-dioxygenase in all strains. These
activities are induced by salicylate and are absent at
cultivation of the strains in succinate. All of the studied
strains, with the exception of P. putida NS22 and g24f,
showed the high level of salicylate hydroxylase activity
(204—484 nmol/min per mg protein). The activity of
catechol-2,3-dioxygenase was not revealed.

DISCUSSION

Salicylate is a representative of a heterogeneous
group of plant phenols, and plants are the main suppli-
ers of salicylates into the environment. Salicylate is also
an intermediate compound in microbial degradation of
different aromatic hydrocarbons; it can be used by
microorganisms as a growth substrate, and plays an
important role in the regulation of metabolic processes
[24]. However, accumulation of salicylate in the
medium may inhibit growth of many microorganisms.

The 12 P. putida strains analyzed in the present
work were isolated from polluted soils and were capa-
ble of salicylate utilization as a sole carbon and energy
source. Seven of these strains were also capable of uti-
lizing monocyclic aromatic hydrocarbons such as ben-
zene and/or toluene (Table 1). Microorganisms utilize
benzene and toluene, just as salicylate, with formation
of the same intermediate product, catechol, which is
further degraded either by the ortho-pathway (B-ketoa-
dipate) or by the meta-pathway to the Krebs cycle inter-
mediates [1, 25]. It provides destructor strains with
additional adaptive capabilities at the minimal set of
genes.

In fluorescent pseudomonades, the genes responsi-
ble for the catabolism of various xenobiotics are often
located on large, conjugative plasmids. Although all of
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the studied strains were shown to have plasmids, their
role in the genetic control of salicylate degradation was
not confirmed. The presence of the catechol-2,3-dioxy-
genase gene (nahH) encoding the key enzyme of the
meta-pathway of catechol cleavage is indirect evidence
of plasmid localization of biodegradation operons [26].
This work has demonstrated that all of the studied
strains contain neither the nahH gene nor the other
“marker” gene of the nah2-operon, i.e. the “classical”
salicylate hydroxylase gene nahG. The analysis of spe-
cific enzyme activities also confirms that salicylate,
probably similar to benzene and toluene, is utilized by
the ortho-pathway of catechol cleavage without
employing the meta-pathway. In all of the studied
P. putida strains, salicylate degradation was supposed
to involve the salicylate hydroxylase gene analogous to
the nahU gene of strain P. putida ND6. Some strains
were shown to contain the sequence of the “KT-like”
salicylate hydroxylase gene. However, it is quite possi-
ble that in the studied destructors, like in the initial
strain P. putida 2440, this sequence is a pseudogene.
The nahU gene of strain P. putida ND6, just as the sal-
icylate hydroxylase gene nahW of strain P. stutzeri
ANI10 (AF039534), is located apart from the nah2
operon and functionally duplicates the “classical” sali-
cylate hydroxylase gene nahG in these strains. The
“classical” nahG gene was not found in the P. putida
strains studied in this work. It seems that the sequences
like nahU and nahW, which are not a part of catabolic
operons, being shifted and included into the metabolic
pathway of a host strain, extend the range of utilized
substrates and thus contribute to the adaptation of
microorganisms to environmental conditions.
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