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Sphingomonas yanoikuyastrain Bl is able to degrade
a wider range of aromatic hydrocarbons thans.

paucimobilis strain TNE12 can degrade. Various
culture techniques were used to corroborate that B1
used m-xylene, biphenyl, toluene, naphthalene, and

are, therefore, probably missing from TNE12. Hence,
TNE12 cannot use monocyclic aromatics whereas Bl
can. Pulsed field gel electrophoresis coupled with
Southern blotting revealed that the aromatic

degradative genes were on an approximately 240 kb

phenanthrene as sole carbon and energy sources. In plasmid of TNE12; the same genes in B1 are known to

contrast, TNE12 could not mineralize m-xylene,

biphenyl, toluene, or naphthalene. However,
fluoranthene served as carbon and energy source for
TNE12 but not B1. Southern blots were performed
using the cloned genomic region (approximately 23 kb)
containing the degradative genes for the upstream
pathways for biphenyl and m-xylene and a TOL

plasmid-type meta operon from B1 as a probe against
the Kpnl restriction-digested total DNA of TNE12. This

23 kb probe hybridized to three Kpnl-digested

fragments of TNE12 DNA,; thus significant homology
existed between the aromatic hydrocarbon-degrading
genes of B1 and TNE12. Further work with smaller
probes revealed, however, that TNE12 DNA fragments
did not hybridize with the probe containing the genes
encoding for xylene monooxygenase and part of an
aromatic dioxygenase. A recombinant plasmid, which

be chromosomal.
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Introduction

Bacteria that can mineralize or otherwise transform organic
pollutants to nontoxic products may be used to remediate
contaminated sites. Members of the geSpdingomonas
are known to degrade various compounds of interest
including, but not limited to, dibenzo-dioxin (Wittich
etal, 1992), polyethylene glycol (Kawai and Takeuchi,
1996), pentachlorophenol (Edesdral, 1997), carbofuran
(Fenget al, 1997), and mono- and polycyclic aromatic
hydrocarbons (Fredricksoat al, 1995; Gibsonet al,
1973; Khanet al, 1996; Muelleret al, 1997; Shuttleworth

contains only the genes for xylene monooxygenase, is

able to complement TNE12 onm-xylene. These genes and Cerniglia, 1996a; Yet al, 1996). Indeed, many

studies have focused on the isolation and characterization
of bacteria, including sphingomonads, capable of
degrading polycyclic aromatic hydrocarbons (PAHS),
P ) ) ) because the PAHs are on the U.S. EPA list of priority
Present address: Biotechnical Services, Inc., 4610 W-pollutants.

Commercial Drive, North Little Rock, AR 72116, USA. Sphingomonas yanoikuyastrain B1 (formerly
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Beijerinckiasp. strain B1; Gibsoat al, 1973; Kharet al,
1996) andS. paucimobilistrain TNE12 (Shuttleworth and
Cerniglia, 1996a) are two of thephingomonaspp. that
have the capacity to degrade some PAHSs. Although both

Abbreviations: PAH, polycyclic aromatic hydrocarbons.
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strains grow well on phenanthrene as sole carbon an€erniglia, 1996b). Plates were inoculated and then lightly sprayed
energy source, previous studies and preliminary workwith ether containing 0.5% of the PAH in question. Benzoate and
provided indications that B1 might be metabolically more M-oluate were provided at the concentration of 5 mM.
versatile for aromatic compounds than TNE12. Strain BlPNA manipulation Total genomic DNA was prepared by the
can grow on some monocyclic aromatics as well as certai ) o

PAHSs as sole carbon and energy sources (Kim and Zylstr%f:;)?gpc’fsopliiefgﬂ 'ngi]gifz)';?jrn:d(ggg:]asmiu;'f'?l\x t\r’zs
1995). Strain TNE12 has, so far, only been shown to utiliz -

%igested with restriction enzymes as recommended by the
phenanthrene and fluoranthene as sole carbon and energé(pplier (Bethesda Research Laboratories, Inc.). Agarose gel

sources (Shuttleworth and Cerniglia, 1996a). This studylectrophoresis was performed in 40 mM Tris, 20 mM acetate,
was undertaken to directly compare the ability of the two2 mm EDTA (TAE) buffer. Transfer of DNA from agarose gels to

bacteria to metabolize mono- and polycyclic aromaticpositively charged nylon membranes (Boehringer Mannheim)
hydrocarbons and to determine genetic differences thawas carried out using an LKB vacugene apparatus as
might explain any observed metabolic differences. A betterecommended by the supplier (Pharmacia-LKB Instruments).
understanding of the physiological and genetic difference®NA restriction fragments to be used as probes in Southern

between strains of pollutant-degrading microorganism?'omng experiments were separated by gel electrophoresis and

should aid in the construction of new strain(s) that areeluted from gel fragments by the procedure of Vogelstein and

. . . Gillespie (1979). DNA fragments were labeled with the DIG kit
metabolically more versatile than the parent strain(s). (Boehringer Mannheim), which is based on the random priming

method of Feinberg and Vogelstein (1983). Southern
- hybridizations were performed as recommended by the supplier
Materials and Methods of the DIG nonradioactive nucleic acid labeling and detection
system (Boehringer Mannheim). The recombinant plasmid to
complement strain TNE12 om-xylene was constructed in a

(Gibsonet al, 1973; Kharet al, 1996) were from the authors’ broad host ra_nge vector pRK415 (Kestr Ell‘_’ 1988). The apility
culture collection. Stock cultures of strain TNE12 were °f the plasmld to c_omplem_en_t the strain was determlned_ by
maintained on a basal mineral salts solution (Shuttleworth an&ransferrlng the hybrid plasmid into TNE12 by triparental mating

Cerniglia, 1996a) containing 100 mg/L phenanthrene as the soldsing the helper plasmid pRK2013 (Figurski and Helinski, 1979).

carbon and energy source. Phenanthrene was dissolved in ethglne loopful of cells of recipient, donor, and helper strains grown

acetate, filter-sterilized, and aseptically added to the culture tube vernllght v;/ere Lesuspend(_ed in 0.5 ml. Stgr.”e dlzt.'il,eld W"?‘ter'f
containing mineral salts. The ethyl acetate was evaporated b amples of each suspension were mixed in a 2:1.1 ratio o

incubating tubes at 8Q. Strain TNE12 was transferred every 3 e_cipient : donc_)r  helper. An appropriate amount(B®f the
to 4 months and was stored &tC4 Strain B1 was cultured mixed suspension was spotted on the surface of an L agar plate,

directly from frozen (20% glycerol in Luria broth) stocks. and further incubated for 8 to 10 h at"GO_The cells grown on
the surface were scraped, resuspended in 5 ml of sterile distilled

water, and 10Ql of the suspension was plated out on mineral
salts plates containing 20 mM succinate andpgbml
tetracycline.

Bacteria Sphingomonas paucimobilisstrain TNE12
(Shuttleworth and Cerniglia, 1996a) a8dyanoikuyastrain B1

Carbon source utilization The ability of strain TNE12 and
strain B1 to use the volatile carbon sources including
naphthalene, biphenyixylene, and toluene was determined by
providing the source in the vapor phase for cells that were . .

inoculated on mineral salts agar. Plates were placed in scre\/\EUIse_d_ field gel_electrophore5|s (PFGE) AgafF’se plug_s
capped jars and were incubated atG30Naphthalene vapor was containing genomic DNA were prepared as described by Finney

provided by placing crystals in an uninoculated plate; biphenylgizi)'MpFGE was pego:meldogsing a Big-R;r%ELib?fratories
crystals were placed directly in the lids of inoculated plates. apper system. Gels (1.0% agarose irx uffer)

Cotton-stoppered glass tubes containing eitimexylene or were run at 200 volts, 2&. The pulse duration increased from

toluene were placed in the lids of uninoculated plates. Thels to 60's during a 20-h run.

potential for phenanthrene, fluorene, anthracene, fluoranthene,
and pyrene to serve as sole carbon sources for strains TNE12 and
B1 was verified in liquid cultures. The PAH in question was
dissolved in methylene chloride, filter-sterilized (fir& Acrodisc
CR PTFE, Gelman Science), and added to sterile dry test tubegsrowth of S. paucimobilis strain TNE12 and S.

After the methylene chloride evaporated, sterile mineral salt anoikuyaestrain B1 on aromatics as sole carbon and
were added; the final concentration of the test PAH was 100 mg nergy sources In previous work, the only PAHs that

L. ntrol nsi f unin | with PAH n .
. Controls cons Sted.q u ocu_ated tubes wit . s a CIserved as sole carbon and energy sources for strain TNE12
inoculated tubes containing only mineral salts solution. Cultures

were incubated with agitation at room temperature. The PAH Waélvere phenanthr(?ne an'd fluoranthene, but strain TNE12
considered to be a sole carbon and energy source if visipigould cometabolize radio-labeled anthracene and fluorene

turbidity developed and PAH crystals disappeared after two(Shuttleworth and Cerniglia, 1996a). However, previous
transfers. The ability of strain B1 to cometabolize PAHs wastest substrates did not include monocyclic aromatics and
determined by looking for zones of clearing on agar platesthe ability of TNE12 to grow on vapor phase naphthalene
containing mineral salts and 20 mM succinate (Shuttleworth andvas not examined. In this study, it was found that the

Results and Discussion
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aromatic substrate range f8r paucimobilisstrain TNE12  of the respective degradative enzymes. Molecular methods
is indeed limited because it did not grow on tolueamne, were used to address this question.
xylene, biphenyl, or vapor-phase naphthalene (Table 1).

Strain B1 was originally reported to use biphenyl, Southern blots with a probe containing degradative
naphthalene, anthracene, and phenanthrene as sole carlggnes for monocyclic and polycyclic aromatic
and energy sources (Gibset al, 1973); strain B1 has hydrocarbons The previously isolated cosmid clone
also been reported to transform, but not necessarilpGJZ1510 contains many of the genes needed for the
mineralize, various PAHs (for a review see Zylstra anddegradation of both monocyclic and polycyclic aromatic
Kim, 1997). In order to compare the substrate utilizationhydrocarbons by strain B1 (Kim and Zylstra, 1995; Zylstra
patterns of strains TNE12 and Bl equitably, reassessmeaind Kim, 1997). An ~23 kkHindlll fragment from
of the metabolic potential of strain B1 was performedpGJZ1510, which has at least 20 of the degradative genes
under the same conditions. The ability of B1 to use(Fig. 1), was used as a probe in Southern blots to determine
biphenyl, phenanthrene, and naphthalene was confirmed; it there was homology between the cloned region of strain
did not, however, produce visible growth in liquid cultures B1 and the genomic DNA of strain TNE12. Total genomic
containing anthracene as sole carbon and energy sour@NA from strains TNE12 and B1 was completely digested
(Table 1). Also, it did not grow on fluorene, fluoranthene, with Kpnl and utilized as the target in Southern blot
or pyrene. Thus, Bl utilized a wider range of aromaticexperiments. The results (Fig. 1A) show that strain TNE12
substrates than strain TNE12, although strain TNE12 greDNA hybridized to the probe, although the hybridizing
on fluoranthene and B1 did not. Although both strainsband pattern was different from that of strain B1. Strains
utilized phenanthrene as sole carbon and energy source aBd and TNE12 had four (3.0, 6.9, 9.5, and 10.0 kb) and
both cometabolically transformed anthracene and fluorenghree (9.5, 12, and 20 kb) hybridizing fragments,
there were important metabolic differences between straingespectively. The fact that the ~23 Kindlll probe from
TNE12 and B1. The observed variations could be a resultrain B1 hybridizes to multiple genomipnl restriction
of genetic differences or of different substrate specificitiesfragments from strain TNE12 suggests that a significant

Table 1. Monocyclic and polycyclic aromatic hydrocarbons used by strains B1 and TNE12.

Compound S. yanoikuyasstrain B1 S. paucimobilisstrain TNE12

Benzoate Sole carbon and energy source Sole carbon and energy source

m-Toluate Sole carbon and energy source Sole carbon and energy source

Toluene Sole carbon and energy source No grdwth

m-Xylene Sole carbon and energy source No growth

Biphenyl Sole carbon and energy source No growth. Accumulation of yellow product in

plates with biphenyl only is indicative of ring
cleavage without further degradation.

Naphthalene Sole carbon and energy source No growth

Anthracene No growth Cometabolizes anthracene to £&hd No growth. Cometabolizes anthracene to, @
dead-end metabolites in the presence of succinate.  dead-end metabolites in the presence of glutose.

Fluorene No growth. Cometabolism is indicated by the No growth. In the presence of glucose, the
production of large zones of clearing and intense organism cometabolically produces agueous and
yellow color on fluorene-sprayed succinate plates ethyl acetate-extractable dead-end metabolites but

not CQ,
Phenanthrene Sole carbon and energy source Sole carbon and energy source
Fluoranthene No growth. Pale red/orange color in tubes with Sole carbon and energy source

fluoranthene only indicates possible production of
dead-end ring fission metabolites.
Pyrene No growth. Brownish color in tubes with pyrene No growth
only indicates production of dead-end ring fission
metabolites.

#No growth denotes the compound could not serve as sole carbon and energy source. Growth in liquid culture was determined by
turbidity (Agoo = 1.0 within 48 h) and growth on agar plates exposed to a vapor-phase carbon source was determined by colony
formation (1.0 mm in diameter within 48 h).

bStrain B1 was originally reported to use anthracene as sole carbon and energy sourcee(Ghst873); however, there was

no mention of the method used to determine utilization and the strain has been in laboratory culture for more than 25 years.
“Data on cometabolism in liquid culture from Kiet al. (1997).

4Data on cometabolism in liquid culture from Shuttleworth and Cerniglia (1996a).
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Fig. 1. Southern blots oKpnl-digested DNA fromSphingomonas yanoikuyatrain B1 (lane 1) an&. paucimobilisstrain TNE12

(lane 2). The probes werd) the ~23 kbHindlIll fragment, B) the 3.5 kbHindllI-Kpnl fragment, C) the 9.5 kbKpnl fragment, D)

the 6.9 kbKpnl fragment, andE) the 3.0 kbKpnl fragment. The line drawing shows the relative locations of the specific genes in the
DNA fragments used as probes for the Southern blots.

amount of homology exists between the regions coding fofFig. 1) for additional Southern hybridization experiments
aromatic hydrocarbon degradation even though the twavith Kpnl-digested total genomic DNA of strain TNE12.
strains have different substrate ranges. This made it possible to determine if homology existed
uniformly over the entire 23 kb fragment or if only
Southern blots with different Kpnl restriction fragment particular genes were homologous to strain TNE12 DNA.
probes Although DNA from strain TNE12 hybridized First, the 3.5 kiHindlll-Kpnl fragment, which contained
with the ~23 kb probe, there may have been sections of thephA3 bphC and a part afylX,was used as a probe against
probe that were not homologous with strain TNE12 DNA.the Kpnl-digested total genomic DNA of each strain. The
Thus theKpnl restriction sites on the 23 KHindIll DNA bphA3andbphCgenes encode for a ferredoxin component
fragment were utilized to generate four smaller probedor the polycyclic aromatic dioxygenase and a
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2,3-dihydroxybiphenyl 1,2-dioxygenase, respectively,the TOL plasmid typemetacleavage pathway. The fact
which are key enzymes in the upper pathway for PAHthat the addition of only theylAM genes confers the
degradation by B1l. ThgylX gene encodes for a large ability to grow onm-xylene uponS. paucimobiliSTNE12
subunit of toluate dioxygenase and BphA3 is also requireduggests that the strain possesses the rest of genes
for toluate dioxygenase activity in B1 (Zylstra and Kim, necessary fom-xylene degradation. This hypothesis is also
1997). Strains B1 and TNE12 possessed 10 and 20 kkupported by the fact that TNE12 can growmitoluate
genomic DNA fragments, respectively, that hybridized to(Table 1) and by the Southern hybridization data that both
this 3.5 kbHindlIlI-Kpnl fragment probe (Fig. 1B). S. paucimobilisTNE12 andS. yanoikuyaeBl show a
The two adjacent 9.5 and 6.9 Kipnl fragments (Fig. 1) common 9.5 kb hybridizing band, which contains most of
that were used as Southern probes contain an operon thiie genes for thenetacleavage operon.
is similar to themetacleavage operon found in the TOL
plasmid (Zylstra and Kim, 1997). The 9.5 kb fragmentLocation of the genes in the genomeKim et al. (1996)
contains most of the genes for the degradation ofound that the cross-hybridizing genes for aromatic
(methyl)benzoates. The remaining genes forhydrocarbon degradation in all of the aromatic
(methyl)benzoate degradation and the genes fohydrocarbon-degradingphingomonasstrains isolated
benzaldehyde dehydrogenase/IC) and cis-dihydrodiol from a deep subsurface site are present on large plasmids.
dehydrogenasebphB are on the 6.9 kiKpnl fragment.  The genes were found to be chromosomal, however, in the
The Southern blot with the 9.5 Kkpnl probe (Fig. 1C) two surfaceSphingomonastrains testeds. yanoikuya®1
showed that strains TNE12 and B1 share a common 9.5 kbnd S. paucimobiligQl, even though both strains B1 and
hybridizing band. These data suggest that the two strainQ1 also possess large>100 kb) plasmids (Kimet al.,
have very similar genes in theiretacleavage operons for 1996). More recently, Daghet al. (1997) reported that
(methyl)benzoate degradation. The Southern blot with the&Sphingomonasp. strain 107, which was isolated from a
6.9 kb Kpnl probe (Fig. 1D) showed that straiB and  sand pit and is thus a surface bacterium, contained PAH
TNE12 have 6.9 and 12 kb hybridizin¢pnl fragments, degradative genes on a 55 kb plasmid. It is therefore
respectively. evident that the genes for aromatic degradation in
The 3.0 kbKpnl probe containedxylAM (xylene Sphingomonaspp. may be encoded either on plasmid(s)
monooxygenase) and a part bphA2 (an iron sulfur  or the chromosome. In this study, a combination of PFGE
protein small subunit of an aromatic dioxygenase). Asand Southern blotting was used to demonstrate that the
expected, the Southern blot with the 3.0 kb probe andromatic degradative genes of strdiNE12 were on an
Kpnl-digested B1 DNA revealed a 3.0 kb hybridizing band approximately 240 kb plasmid (Fig. 2). Strain TNE12 also
(Fig. 1E). There was, however, no hybridization betweerhad at least one more large plasmid (~680 kb) that did not
the 3.0 kb probe and the digested DNA of straNE12. hybridize to the 23 kiHindlll probe (Fig. 2). Strain Bl is
This observation suggests that the gery@&M andbphA2  known to harbor two plasmids, pKG1 (232 kb) and pKG2
are missing in TNE12. The fact that strain TNE12 cannot33 kb; Kim et al, 1996; Kiyoharaet al, 1983). The
grow on toluene om-xylene supports the hypothesis that smaller plasmid of strain B1, pKG2, was not evident in this
these genes are missing because xylene monooxygenasédy, however, because it ran off the bottom of the gel
which is encoded byxylAM, is required for the initial under the conditions used.
oxidation of those alkylbenzenes. Many members of the gen@phingomonasave been
shown to degrade monocyclic and/or polycyclic aromatic
Complementation of S. paucimobilisstrain TNE12 with compounds (Dagheet al., 1997; Fredrickson, 1995;
xylAM on m-xylene Since the strain TNE 12 did not Muelleret al, 1990; Zylstra and Kim, 1997). The aromatic
show hybridization to the 3.0 kiKpnl probe, a hydrocarbon-degrading strairs. yanoikuyaestrain B1
complementation experiment was performed by providing(Zylstra and Kim, 1997)S. paucimobilistrain Q1 (Kuhm
TNE12 with a hybrid plasmid containing the 3.0Kpnl et al, 1991), and the deep subsurfasphingomonas
DNA fragment. The resulting recombinant strain wasstrains (Fredricksoret al, 1995) all have the ability to
found to acquire the ability to grow slowly (approximately grow on both monocyclic and polycyclic aromatic
at half the growth rate of B1) om-xylene as the sole hydrocarbonsSphingomonasp. strain 107 (Daghet al,
carbon and energy source, and a light yellow colorl997) appears to be able to transform or mineralize a
developed, suggesting the accumulation of somxglene relatively wide range of PAHSs, including naphthalene,
metabolites. The culture supernatant of the strain with théluorene, phenanthrene, anthracene, fluoranthene and
hybrid plasmid grown omxylene had a UV absorption pyrene. In contrast, straifNE12 has a very narrow
spectrum X,.x at 388 nm) that was identical to the aromatic substrate range; it grows only on phenanthrene
spectrum of themetaring cleavage product of 3- and fluoranthene and cometabolizes anthracene and
methylcatechol (Baylet al, 1966). These results indicate fluorene (Table 1).S. paucimobilisstrain EPA505 also
that the recombinant strain metabolizesylene through apparently has a broader substrate range than strain
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