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Molecular analysis and development of 16S rRNA
oligonucleotide probes to characterize a diclofop-
methyl-degrading biofilm consortium

Louise Laramée, John R. Lawrence, and Charles W. Greer

Abstract: Genomic DNA from nine individual bacteria, isolated from a diclofop-methyl-degrading biofilm consortium,

was extracted for genetic characterization. The degradation of diclofop-methyl produces metabolites that are known in
termediates or substrates for bacteria that degrade a variety of chlorinated aromatic compounds. Accordingly,
oligonucleotide primers were designed from specific catabolic genes for chlorinated organic degradation pathways, and
tested by PCR to determine if these genes are involved in diclofop-methyl degradation. DNA homology between the
PCR products and the known catabolic genes investigated by Southern hybridization analysis and by sequencing, sug
gested that novel catabolic genes are functioning in the isolates. Specific fluorescent oligonucleotides were designed for
two of the isolates, following 16S rDNA sequencing and identification of each of the isolates. These probes were suc
cessfully used for fluorescent in situ hybridization (FISH) studies of the two isolates in the biofilm consortium.

Key words consortium, catabolic gene, diclofop-methyl, 16S rDNA, FISH, SCLM.

Résumé: LADN génomique de neuf bactéries, isolées d’'un consortium d’un biofilm dégradant le méthyldiclofop, a

été extrait pour fin de caractérisation génétique. Les métabolites produits par le consortium lors de la dégradation du
méthyldiclofop sont des intermédiaires ou des substrats de bactéries dégradant des composés chlorés. Conséquemment,
des amorces oligonucléotidiques, spécifiques pour des genes cataboliques impliqués dans la dégradation de composés
chlorés, ont été testées par PCR pour déterminer I'implication de ces genes dans la dégradation de méthyldiclofop.
L’homologie existant entre les produits de PCR et les genes étudiés, évaluée par séquencage et transfert de Southern,
suggere l'existence de nouveaux génes cataboliques au sein du consortium. Suite au séquencage de '’ADNrl16S et a
I'identification des isolats, deux oligonucléotides fluorescents, spécifiques pour deux isolats, ont été utilisées avec suc-
ces dans des études d’hybridation in situ en fluorescence (FISH) de ces deux isolats du consortium dans le biofilm.

Mots clés: consortium, gene du catabolisme, méthyldiclofop, ADNr16S, FISH, SCLM.

Introduction One of the most complex microbial multicellular organi

Biofi hai ‘ d mi loni the pred zations is a biofilm. Biofilms will form on almost any im
__BIONImS, chains, mals, and microcolonies are e predom o seq surface and consequently can be found in a variety
inant forms of bacteria in nature (Costerton et al. 1987

. ) . . of locations, including water and waste water conduits; bio
Shapiro 1995). Multicellularity brings the same advantage$eaciors, submarine periscopes, teeth, intestines, rumen,

to bacteria as it does to eukaryotig: Qrga}nisms: strength 'Medical biomaterials, streams, and sewage effluents
numbers and the potential for specialization and cellular d'(Costerton et al 1987,' Charackl’is and Marshall 1990). In
vision of labor (Shapiro 1995). A spatial organization of gyoams and rivers, degradative consortia that form attached
metabolically interacting populations, and protection agalnsﬁlms are mainly responsible for the transformation and the

antibacterial agents and phagocytic eukaryotic cells, areqradation of natural and xenobiotic organic compounds
some of the benefits of bacterial multicellularity. (Peyton and Characklis 1995)

Growth in biofilms facilitates metabolic cooperativity
Received September 1, 1999. Revision received October 26, which is functional in the catabolism of organic compounds,
1999. Accepted October 27, 1999. particularly in the case of biodegradation of industrial and
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suggested, as in other studies of bioreactor biofilms, that thBecton Dickinson, Cockeysville, U.S.A.) for genomic DNA prepa
nature of this organization represented an optimization -of reration. The bacterial isolates were stored at —80°C in 10% TSB
lationships between members of the consortium. supplemented with 15% glycerol.

Diclofop-methyl, the methyl ester of 2-(4-(2,4-dichlero
phenoxy)phenoxy)methylpropanoic acid, is used as a postfotal DNA extraction
emergence herbicide for the control of annual grasses such The genomic DNA of each isolate was extracted using an
as wild oats Avena fatuin a variety of crops, particularly adapted protocol (Fortin et al. 1998) from Ausubel et al. (1990),

in western Canadian cereals (Smith 1977; Smith et al. 1986‘1’“39@t thatl a Se?Q“d.DNATr?rePipita“O“ S}ep was adcéedDSXer the
, . ) _150opropanol precipitation. The isopropanol-precipitate was

Oe?sljiglt\éi:] clhgegrgi)c.;aﬁltgi?:llj(g‘z 1;1\éﬁsl Crllzzs,lgggnajetzc?eo dn iresuspended in 400L of.S. .M sodium acetate and transferred to

p , p y ppendorf tubes. One millilitre of 100% ethanol was added to each

river waters, air samples, irrigation waters, and groundwatef pe. The DNA was reprecipitated 15 min at —-80°C, and centri
samples in western Canada (Williamson 1984; Muir andfuged 15 min (15 000 >g) at 4°C. The DNA pellet was washed
Grift 1987; McNaughton and Crowe 1995). with ice cold 70% ethanol, and then dried. Each DNA pellet was
A hypothetical degradation pathway for diclofop-methyl resuspended in 100L 1x TE pH 8.0 and stored at —20°C.

in soil was postulated by Smith (1977) and adopted by-Mar DNA quality was first verified by agarose gel electrophoresis
tens (1978). Besides the liberation of carbon dioxide, thevith 5L of each DNA preparation on a 0.7% Tris-acetate-EDTA
identified metabolites were 4-(2,4-dichlorophenoxy)phenol(TAE) agarose gel (ICN Biomedicals). The DNA concentration
4-(2,4dichlorophenoxy)phenetole; and trace amountstbier ~ Was estimated using a spectrophotometer (Spectronic 2000, Bausch
unidentified metabolites. In sterile soils, no metabolites werd: -0MP) by diluting it in sterile distilled water (1:100), and read

. . . - ing the absorbance at 260 nm gy and 280 nm (Agy. The con
detected, suggesting a biodegradation process for diclofoRgniration of DNA was estimated by the,d) consigdering that 1

methyl. More recently, a study performed by Wolfaardt et al.apsorhance unit equals 5@/mL of double stranded DNA. The
(19947) with the degradative microbial consortium, eon quality was also evaluated by the,dyA.g, ratio. PCR reactions
firmed the involvement of microorganisms in the degrada were performed using each DNA preparation, and 23S eubacterial
tion of the herbicide, and identified other metabolites suchuniversal primers (Thiem et al. 1994) to confirm the absence of any
as 2,4-dichlorophenol; 2-chlorophenol; 1,3-dichlorobenzenePCR inhibitory compounds in the DNA preparations.
4-(2,4-dichlorophenoxy)-dehydrophenetole; and 4-phenoxyphenol.

Several metabolites from the degradation of diclofop-methyDNA fingerprinting

such as 2,4-dichlorophenol; 2-chlorophenol; and 1,3- Genomic DNA preparations were analyzed by arbitrary primed
dichlorobenzene, suggest the possible involvement of gend¥CR (AP-PCR) to generate a DNA fingerprint (Welsh and
similar to those from aerobic bacterial pathways that degraddcClelland 1990; Williams et al. 1990; Yu and Pauls 1992;
compounds like 2,4-dichlorophenoxyacetic acid (2,4-D) OrBrc_)usseau et al. 1993; M_artln-KearIey et al. 1994)_ to confirm the
1,3-dichlorobenzene. unigue character of each isolate. Three different primers were used

o o . . independently to generate a DNA fingerprint of each bacterial iso-
The specialized organization of the biofilm consortium, as, .- primer 094010 (AGA AGG CCG-3), primer 0940-10.1

well as the chemical structure of diclofop-methyl, make this.5 A AGG CCG A-3), and primer 0940-10.3 (BGA AGG
diclofop-methyl-degrading bacterial biofilm a good model to ccg ¢-3). All the primers were prepared with a DNA synthesizer
study the relationships between organization and degradatiq@pplied Biosystems model 380A). Primer 0940-10 originated
capabilities, and the ecology of a complex microbial systermfrom a primer collection of arbitrary nucleotide sequences
in general. Information on the genetic characteristics couldBrousseau et al. 1993). The latter two primers were derived from
be used to develop molecular tools, to facilitate investiga0940-10, and differed by the addition of one nucleotide. The-aver
tions of the microbial ecology of the degradative consortium2ge G+C content was 65.6%. The PCR amplification protocol was
and to define the roles of individual members in complex or @dapted from Martin-Kearley et al. (1994). Each PCR was pre
ganizations. The purposes of this study weiptq perform pﬁ{%‘?‘ ‘g%'gg aMl?(’-(r:a}_q lDé\'A &ol%merasgr?uﬁer (;O%.mM ;”S‘I'EHCL
the genetic characterization of the diclofop-methyl-degradin ’ m ' m 9C) (Pharmacia Biotech). Eac

. . . . CR tube contained the following ingredients: 50 to 100 ng of bac
bacterial consortium isolated previously by Wolfaardt et al.iaia genomic DNA, 2.5 units 6faqDNA polymerase (Pharmacia

(1994); (ii) to use available molecular information to inves Biotech), 5uL of 10x Tag DNA polymerase buffer, 60 to 80 pmol
tigate if known catabolic genes for the degradation of €0m of primer, 8L of 1.25 mM deoxyribonucleoside triphosphates
pounds such as 2,4-D, PCBs and dichlorobenzene, aggo0ouM each: dATP, dGTP, dCTP, and dTTP)uL of 100 mM
involved in diclofop-methyl degradationiii) to identify the  MgCl,, and sterile distilled water to bring the final volume to
isolates by 16S rDNA sequence analysis) to generate 50pL. Each sample was covered with % of light mineral oil.

16S rDNA oligonucleotides to localize specific isolates The negative controls contained the same mixture as described

within the biofilm community. above except that the DNA was replaced with sterile water. One
negative control reaction was performed for each PCR primer.
Prior to the addition of th&fag DNA polymerase/10x buffer mix

Materials and methods ture, the samples were heated for 2 min at 100°C in the thermal
cycler, and then transferred on ice to add the enzyme mixture. The
Bacterial strains and culture media amplification conditions were: denaturation thréug 1 min ramp

The bacterial isolates from the diclofop-methyl consortium weretime from 72 to 96°C, followed ypa 1 shold at 96°C, annealing
previously isolated by Wolfaardt et al. (1994 Isolated bacterial ~with a 3 min ramp timdrom 96 to 35°C, followed ¥ a 1 min hold
colonies from a nutrient agar plate were used to inoculate sterilat 35°C and elongation with a 75 s ramp time from 35 to 72°G, fol
10% tryptic soy agar (TSA) plates (10% tryptic soy broth supple lowed by a 30 s hold at 72°C. A total of 30 cycles were performed
mented with 1.5% of agar, USB, Becton Dickinson, Cockeysville,after which the sample block was kept at 4°C until agarose gel
U.S.A)) and sterile liquid 10% tryptic soy broth (TSB) (USB, electrophoresis was performed. Five microlitres of each PCR

© 2000 NRC Canada
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sample was mixed with iL of loading buffer (30% (v/v) glye  the isolate. With the exception of primer R14B8-(GBCA TGA GGA

erol, 0.15% (w/v) bromophenol blue, 0.15% (w/v) xylene cyanol), CTT GAC GTC AT-3), all the 16S universal primers used were
and loaded onto a 1.4% (w/v) TAE agarose gel together with thereviously published by Dorsch and Stackebrandt (1992). The for
100 and 1000 bp DNA ladders (Gibco BRL). The PCR bands werevard primer F1 and the reverse primer R13 were used to amplify
stained in ethidium bromide and observed by using a UVby PCR the 16S rDNA of each isolate. The desired PCR band was
transilluminator at a wavelength of 254 nm. The gels were photoabout 1.5 kbp. The other primers as well as the primers F1 and

graphed using type 57 Polaroid film. R13 were used to sequence both strands of the amplified 16S
rDNA.
Detection of catabolic genes The PCR mixture used in this section is similar to the one for

Genes encoding the large subunits of the enzymes biphen);he amplification of catabolic genes. The volume of each ingredient
dioxygenase; 2,4-dichlorophenol hydroxylase; catechol 1,2used was doubled, except for the primers, to give a final volume of
dioxygenase; chlorocatechol 1,2-dioxygenase; —catechol 2,31.00pL,.wh|ch was covered Wlth mineral 0|I.“S|xty picomoles of
dioxygenase; and the polypeptide P3 (one of the components of trgach primer were used per reaction. The positive controls were per
multicomponent phenol hydrogenase) were selected as targets féfrmed with DNA known to yield a band of 1.5 kp, and the nega
PCR amplification. These genes encode enzymes involved in thiVe control was prepared using sterile distilled water instead of
hydroxylation or the ring-cleavage of (halo) aromatic Compouno|S_template DNA to reveal possible non specific DNA contamination.
For each enzyme investigated, a search in GenBank was pe|30th controls were performed for each set of PCR. A denaturation

formed, and the corresponding sequences were retrieved for corft€P Of 2 min at 100°C in the thermal cycler was performed prior
parative DNA and protein alignments using the software!© the addition of thefagDNA polymerase/buffer solution and am

ceneworks (Intelligenetics Inc., Campbell, Calif.). Genes sharing Plification was carried out for 30 cycles. The annealing tempera
homologous DNA sequences long enough to allow design of pCpure required for' 1§S rDNA amplification for each |so!ate was
primers (forward and reverse primers for each catabolic gene) wergvaluated by prehznlnary tests. E"’})Ch cycle had the following C*)”f"
selected. PCR primers were then designed based on one of the$gns: 1 min at 94°C; 1 min at 65°C (isolates 2 to 6, and 9), 50°C
homologous DNA sequences. The PCR primer sequences as wélfolate 8), 42°C (isolate 1), or 37°C (isolate 7); and 1om|n at 72°C.
as related information are presented in Table 1. Analysis of the de! N€ last cycle was followed b}” a final extension at 72°C for 3 min.
signed primers was performed using tiresta (Pearson and The samples were kept at 4°C untll_ the electrophore3|$ was per
Lipman 1988) andsLasTn (Altschul et al. 1990) search programs, formed. Each PCR sample (10Q of oil free) was mixed with 10

and showed good specificity for the target sequences. All the primk.L Of loading buffer, and loaded onto 1 or 2 weli(s) of a 0.7% TAE
ers were made with a DNA synthesizer (Applied Biosystems2darose gel. T_he PCR products were wsqahzed after staining with
model 380A). Positive controls contained DNA from strains known ethidium bromide using a UV transilluminator at 254 nm. The
to possess one of the reference catabolic genes. The negative cch® kPP PCR fragments were purified with the QIAEX Il Gel ex-
trol was prepared using sterile distilled water instead of DNA to re-traction kit (Qiagen Inc., Mississauga, Ont.) as described by the
veal possible non-specific DNA contamination. Both controls weremanufacturer. The DNA concentration was estimated by running
performed for each set of PCR. Typically, one PCR contained 505 KL of the purified material on a 0.7% TAE agarose gel.

100 ng of genomic DNA, 30—40 pmol of each primer (forward and ~ The purified amplified 16S rDNA fragments of isolates 1 and 9
reverse), 2.5 units 6fag DNA polymerase, 1L of 10x Taq poly- were cloned into I_DTZ/PQ. The c!onlng vector PTZ/PC is a r_nodl-
merase buffer, @L of 1.25 mM dNTP, 0.51L of 100 mM MgCl, fied PTZl9RE. coli plasmid (TeSS|er 1997) V\_nth asingle T r_e3|due
and sterile distilled water to make up the volume top8Q Each ~ ©overhang on its ®nds, following cleavage with the appropriate re-
sample was covered with light mineral oil. Prior to the addition of Striction endor_lu_clease. Thls_ last characteristic 5|gn|f|cantly en
the Taq DNA polymerase/10x buffer mixture, the samples were hances the efficiency of cloning PCR fragments, sifiag DNA
heated 2 min at 100°C in the thermal cycler, then transferred to ic®0lymerase will catalyze the preferential addition of a single dATP
to add the enzyme mixture. The standard amplification conditiongesidue on the ‘@nds of blunt-ended double-stranded DNAs.

for 30 cycles were: 1 min at 94°C, 1 min at 50°C, and 1 min at Sequencing reactions were prepared with ABI PRISM dye ter
72°C. The last cycle was followed by a final extension for 3 min atminator cycle sequencing ready reaction kit (Perkin Elmer), and
72°C, and the reactions were kept at 4°C until the electrophoresiwere performed using the PTZ19R universal or reverse primers
was performed. Several annealing temperatures were tested féPharmacia Biotech) and the 16S universal primers. The segquenc
each set of primers. The first annealing temperature used was oniég reactions were performed as recommended by the manufac
of medium stringency (50°C) and the others varied between 37 antrer. The sequencing reactions were purified using G-50 Sephadex
68°C, depending on the number of bands in the preceding reactiofluick spin columns (Boehringer Mannheim, Indianapolis, Ind.) to
The test was stopped when no bands or too many bands were ofgmove traces of unincorporated dye terminators. The columns
served. Ten microlitres of the PCR reaction were mixed wifiL2 ~ were used as recommended by the manufacturer. The DNA was re
of loading buffer, and loaded omia 1 to 1.4% (w/v) TAE agrose  suspended in AL of a deionized formamide-8 mM EDTA pH 8.0
gel, depending on the size of the expected PCR bands. The 1g®lution. Nucleotide sequences were obtained with an automated
and 1000 bp ladders were also loaded onto each gel as moleculggéquencing apparatus (ABI 373) and the corresponding analysis
weight standards. The PCR products were visualized with ethidiunwas performed usingseqep v. 1.0.3 from Applied Biosystems
bromide and UV transillumination at 254 nm. Putative positive (Perkin Elmer). The sequencing primers were used to insure that
PCR bands were analyzed to verify the specificity of the amplifica the entire sequence was sequenced two to three times. The soft
tion either by cloning and sequencing, or by Southern hybridiza Ware ceneworks (Intelligenetics Inc, Calif.) was used to perform

tion of PCR fragments using the gene probe from the referenc®NA alignments. The sequenced 16S rDNA of each isolate was
strain. compared to the GenBank non-redundant nucleotide sequence da

tabase using botlasta (Pearson and Lipman 1988) amdastn

PCR amplification and sequencing of 16S rDNA (Altschul et al. 1990) search programs.

The genomic DNA preparation was used for the amplification
by PCR of the 16S rDNA gene using 16S universal primers. TheéDesign of 16S rDNA oligonucleotide probes
PCR amplified 16S rDNA fragment was then sequenced directly or The sequences of 16S rDNA from each isolate were alse ana
after cloning, and the sequences obtained were analyzed to identifyzed to design specific oligonucleotide probes for selected isolates

© 2000 NRC Canada
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Table 1. List of the designed catabolic PCR primers used in this study.

Expected PCR Based on the following catabolic genes

Primer Sequence (5to -3) Nucleotides band size (GenBank accession No.)

Biphenyl dioxygenase

bphA-F TCA CCT GCA GCT ATC ACG GCT GG 23 812 to 836 bpbphAl Rhodococcusp. (D32142)

bphA-R GGA TCT CCA CCC AGT TCT CGC CAT CGT CCT G 31 bphA* Pseudomonas pseudoalcaligenés707
(M83673)

bphA Pseudomonasp. (M86348)
bphAl Rhodococcus globerulusx80041)
Phenol hydroxylase (one component)

tfdB-F CCG GTT CCA TCA ACT TGC TGT TCG AGG C 28 376 bp tfdB*, Alcaligenes eutrophudMP134 (M35097)
tfdB-R GCC GAG TCC GTT GGT CGG CGG ATG CC 26

Phenol hydroxylase (multicomponent)

phem-F TTC ATG TCC GGT GCC GCC TAC AAC GGC GAT ATG GC 35 499 bp pheA4 Pseudomonas putidBH (D28864)
phem-R GGG CGG TAG TAT TTG TCG AAG GTG TCC GGG TAT TT 35 dmpN, Pseudomonasp. CF600 (M60276)

phhN Pseudomonas putidB35X (X79063)
phID, Pseudomonas putidel (X80765)
orf4, Acinetobacter calcoaceticuZ36909)
Catechol 1,2-dioxygenase
C120-F GAA GGA CCG CTA TAT GTT GCA GGT GC 26 361 to 367 bppheB Pseudomonas putidan (M57500)
C120-R TAG TGA ATA TGC GCA GGG CG 20 catA Acinetobacter calcoaceticud176991)
orf7, Acinetobacter calcoaceticu@36909)
Chlorocatechol 1,2-dioxygenase
chloro12-F GTA CAG CGG TAT CCA TGA CCA CAT CcCC 27 242 bp tfdC*, Alcaligenes eutrophugdMP134 (M35097)
chloro12-R CCT TCG AAG TAG TAC TGC GTG GTC A 25 tfdC, Pseudomonas putidéVi36279)
tcbC, Pseudomonasp. P51 (M57629)
Catechol 2,3-dioxygenase
C230-F AGG TGC TCG GTT TCT ACC TGG CCG A 25 405 to 408 bpnahH, Pseudomonas putidgNAH7 (M17159)
C230-R ACG GTC ATG AAT CGT TCG TTG AG 23 dmpB Pseudomonas puitdpVII50 (M33263)

xylE*, Pseudomonas putidATCC 33015 (M64747)
xylE, pDK1 (M65205) C230 Alcaligenessp.
KF711 (S77084)

bphE Pseudomonasp. IC (U01825)

phiB, Pseudomonas putid@X77856)

phliH, Pseudomonas puti¢X80765)

Note: *, Used as positive control for PCR.

9ct
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in order to study their localization in the diclofop-methyl degrad Fig. 1. Agarose gel electrophoresis of the DNA fingerprint of the
ing biofilm (during or after biofilm formation), and as a function of individual isolates by arbitrarily primed-PCR (AP-PCR) using
the carbon source supplied in the biofilm system. Isolates 4 and §rimer 0940-10.3 (BAGAAGGCCGC-3). Lanes: M1 and M2,
were selected for these studies because these two isolates were i@ pp DNA ladder and 1 kbp DNA ladder, respectively; C
ported to mineralize diclofop-methyl as sole carbon source whe ; . ;

supplied with a second carbon source (1% TSB) (Wolfaardt et al'.hegatwe control; 1 to 9, isolates 1 to 9.

1994). The selected region for the design of specific oligo M 1 2 3 4 5 6 7 8 9CM
nucleotide probes for isolates 4 and 6 was chosen based on the 16S
rDNA alignment of the nine isolates. Specificity analysis of the de
signed probes against the 16S rDNA sequences of the nine isolates,
was performed using the Amplify software (Bill Engels, cepy
right). The oligonucleotide probes specific for isolates 4 (4A-R)
and 6 (6B—R) were labeled with the FAM NHS dye label (a
succinimidyl ester of carboxyfluorescein) and the TAMRA NHS
dye label (a tetramethylrhodamine carboxylic acid), respectively
(CORE DNA SERVICES, University of Calgary, Alta.). The
oligonucleotide probe Eub338 (Amann et al. 1990), which iscom
plementary to a conserved region of the 16S rRNA in the domain
Bacteria was labeled with TAMRA NHS, or FAMS NHS, and
used as a positive control to hybridize to all bacteria.

)

Fluorescent in situ hybridization (FISH)

Specificity of the designed probes (4A-R and 6B-R) against
their target DNA sequences was verified using the whole cell hy
bridization technique. The protocol was adapted from Manz et al.
(1992). Hybridization experiments with each probe were per-
formed on isolates 1 (negative control), 4, and 6. Two millilitres of
TSB medium were inoculated with a loopful of cells for each iso-
late, and incubated at 26°C with agitation to an {§»f 0.6. One
millilitre of culture was harvested in an Eppendorf tube, and centri-
fuged for 1 min in a microcentrifuge (15 800gj at room temper-
ature. The cells were washed with 500 of PBS (130 mM Nacl,

10 mM NaPQ pH 7.2) and recentrifuged for 1 min. The cells were
fixed for 3 h (wice for 15 min, once for 2.5 h) in 50QL of 3%
formaldehyde-PBS (v/v). Between each fixation step, the cells
were centrifuged and resuspended in fresh formaldehyde solution. ) o ) )
After the last fixation step, the cells were washed in PBS, and reand 100x, 1.4 numerical aperture, oil immersion lenses (Nikon,
suspended in 100L PBS/100% ethanol (1:1) and stored at —20°C. Tokyo, Japan).

Ten microlitres of cell preparation and of a 1:10 dilution were spot

ted on precleaned microscopic multitest slides (12 wells, ICNResults and discussion

Biomedicals) and left to air-dry. The cells were then completely

dehydrated by successive 3 min washes with 50% ethanol, 70% The first step in the genetic characterization was to-con
ethanol, and 100% ethanol and left to air-dry. Samples of censorfirm the unique character of each isolate of the bacterial
tium biofilm, attached to glass microscope slides, were fixed in 4%hjofilm by DNA fingerprinting. Distinct band profiles were
formaldehyde for 30 min and then dehydrated as described abovgyccessfully obtained for each of the nine isolates by AP-
Ten microlitres of a hyt_)rldlzatlon solution (020% (viv) formamide, pcRr using three different AP-PCR primers. The band pro
0.9 M NaCl, 20 mM Tris/HCI pH 7.2, 0.01% SDS, and 25 ng of fioq \were generally between 200 to 1500 bp, and were re

isolate 4 or 6 labeled probes) were applied to each well of the mi - . . .
croscope slide, and incubated for 1.5 h at 46°C in a humidified atproduuble. The nine strains were clearly different based on

mosphere. The probes were removed from the slides with 2 mL of€ banding patterns (Fig. 1). This confirmed that the biofilm
washing solution (20 mM Tris, 0.01% SDS, 180 mM NaCl, 5 mm consortium consisted of at least the nine isolates reported by
EDTA). The microscope slides were immediately immersed inWolfaardt et al. (1994). Further, the presence of a relatively
50 mL of washing solution at 48°C for 20 min. Slides were rinsedhigh number of community members indicated the potential
briefly with distilled water and air-dried. for complex catabolic and ecological interactions.

Based on the chemical structure of diclofop-methyl and
. . _ the known metabolites, it was hypothesized that degradation
Microscopy and confocal laser scanning microscopy pathways, such as those involved in the degradation of 2,4-

Mlcroscope slides containing the pure cultures were opservetﬂ); 1,3-dichlorobenzene; or biphenyl might be functional in
using a fluorescence microscope ARISTOPLAN (Leitz). Picturesy,q giciofop-methyl-degrading consortium. This was exam
were digitized using a MICROMAX (Princeton) camera and theined using PCR in combination with specific primers

softwarenorTHERN EcLiPSE(EMPIX Imaging, Inc.). A BioRad MRC desianed from genes encoding the enzvmes binhenvl diox
1000 CLSM (Hemel Hempstead, England), equipped with a-kryp 9 g 9 y pheny Yy

ton-argon laser and mounted on a Nikon Microphot SA microscopdl€nase, catechol dioxygenases (1,2- and 2,3-), chloro
was used to obtain images of the hybridized biofilm samples. Th&€atechol dioxygenase, and phenol hydroxylases (single and
CLSM system was operated using the Pentium host computer, an@iulticomponent phenol hydroxylases). These genes encode
software provided by Bio-Rad. Observations were made with 60>xenzymes which could be involved in hydroxylation or in
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ring-cleavage of the aromatic rings of diclofop-methyl. With these toxic compounds. A great diversity in the phenol
one exception (single component phenol hydroxylase), alhydroxylase flavoproteins (single component phenol hydro
the primers were designed using at least three differenmtylases) has also been noted (Kukor and Olsen 1992). De
known genes (Table 1). In the case of the single componerttigning additional PCR primer sets might be useful to
phenol hydroxylase, five different DNA sequences were redetermine the unique character of all steps in the degrada
trieved from the GenBank database (GenBank accessidibn of diclofop-methyl by this nine member consortium, but
Nos. L04488, M35097, M57500, M98806, and U17960).detection will remain limited to genes with sufficient
Some homology at the amino acid level was found, but thidlhomology to known catabolic genes to be amplified by the
homology was not conserved at the DNA level (data notprimers. Additionally, if homologous genes are detected,
shown). Less than 5% identity at the DNA level was- ob their role in diclofop-methyl degradation would require eon
served between the five sequences. Therefore only the sérmation by biochemical tests.
quence encoding the dichlorophenol hydroxylase enzyme pCR amplification and sequencing of the 16S rDNA was
(tfdB) was considered for design of the primers. The lattefperformed to identify each isolate. The 16S rDNA sequence
gene is especially interesting since 2,4-dichlorophenol wasf the isolates was compared with all entries in the GenBank
identified as a diclofop-methyl metabolite. non-redundant nucleotide sequence database using both
Most of the PCR for the catabolic genes did not producerasta and sLasTn search programs. The best score for both
any bands for the bacterial isolates, but all the controls gavprograms along with the Biolog identifications, previously
the expected results. In some cases PCR bands, approxierformed by Wolfaardt et al. (1984 and the GenBank ac
mately of the expected size, were generated and were-thereession numbers for the 16S rDNA sequences of the isolates,
fore analyzed in more detail. However, no homology wasare presented in Table 2. Generally, the results obtained by
found between the PCR fragments of the bacterial isolateBoth search programs were very similar, if not identical.
and the respective catabolic genes based on the PCR bahbmology scores against known 16S rDNA sequences were
sequences and (or) Southern hybridization analysis with thbetween 92 and 99.7%. The bacterial genus designation from
reference catabolic genes. At least one plasmid was detectelde 16S rDNA identification matched well with the Biolog
in all the isolates with the exception of isolate 1 (data notidentification (based on substrate oxidation) for three of the
shown); and although the relationship between plasmid(sjsolates. The 16S rDNA based analysis was successful at
and catabolic genes was not established in this study, the o@entifying isolates 3 and 5, which was not possible with the
currence of large plasmids in most of the isolates is probablBiolog system (Wolfaardt et al. 198%1 Most of the isolates
relevant. The genes encoding many known catabolic enbelonged to the Pseudomonaceae and Enterobacteriaceae fami-
zymes involved in the degradation of aromatic compounddies. As the identity of isolate 1 was not firmly established
are located on plasmids, and mobile genetic elements, sudither by the Biolog or by the 16S rDNA databases, it may
as plasmids, are very important in the adaptation of catabolicepresent a novel bacterial species. In general, use of sub-
potential in microbial communities (Barkay et al. 1993). strate utilization patterns (Biolog system) is most successful
Moreover, high population densities, and the long residencwiith clinical isolates and has an identification rate for envi-
time of the cells in a biofilm, favor natural gene transfer ronmental isolates of >70% (Konopka et al. 1998), observa-
(Characklis et al. 1990). However, at this point, there is naiions which are consistent with those in the present study.
evidence that pathways used by aerobic bacteria to degradephenoxy herbicide degrading bacteria may be frequently
compounds like 2,4-dichlorophenoxyacetic acid or 1,3found in soils and natural waters, however, studies of
dichlorobenzene are functioning in the diclofop-methyl- diclofop-methyl-degrading microorganisms are extremely
degrading consortium. limited. In the only other study of degradation of diclofop-
Genes encoding for the targeted enzymes could not be denethyl by soil isolates Grenier-Smith and Adkins (18P6
tected by the catabolic primers designed in this study. Howreported that aSphingomonas paucimobilig\cinetobacter
ever, given the large diversity of catabolic genes known forbaumannj Chrysomonas luteold®seudomonas aureofaciens
specific degradation steps, primer design, or selection can bleseudomonas cepagiand aPseudomonas fluorescengre
problematic. For example, sixteen different genes encodingapable of growth when diclofop-methyl was supplied as
for catechol 2,3-dioxygenase were retrieved from thesole source of carbon and energy. However, none of the iso
GenBank database, but only eight of them showed enouglates of Smith-Grenier and Adkins (19861996) were ca
homology to allow the design of a PCR primer set. Up topable of mineralization of diclofop methyl to GOIndeed
four different classes diphgenes exist based on DNA:DNA the majority of the isolates derived carbon and energy pri
hybridization experiments with knowbph genes as probes marily from hydrolysis of the ester bond to produce
(Furukawa et al. 1990; Williams and Sayers 1994; Gutierrediclofop acid. The authors did not assess the possible-influ
et al. 1996). In some instances, this diversity is due to theence of cometabolites on diclofop-methyl degradation by
evolutionary time scale of exposure; microbes were exposetheir isolates. Cometabolism has been indicated as an im
to phenolic compounds originating from the degradationportant prerequisite for degradation of diclofop-methyl
products of plant material long before human industrializa (Wolfaardt et al. 1994). Members of these genera are com
tion (Powlowski and Shingler 1994). The enterobacteria arenonly found to be capable of degradation of phenoxy acid
also known to produce phenols and methyl-phenols from tyherbicides (Kilpi 1980) and have also been reported as
rosine (Kumagai et al. 1970; Spoelstra 1977). Divergence ofmembers of mixed cultures degrading mecoprop (Lappin et
the phenol-degrading genes may reflect the different strateal. 1985). In general, previous studies have reported the
gies developed with time by microorganisms to neutralizepredominance of Gram-negative phenoxy herbicide and
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Table 2. Identification of the bacterial isolates based on the Biolog system and the 16S rDNA sequence aratysisn( BLASTN

program analysis servers).

Isolate

(GenBank Accession No.)

Biolog
identificatiorf

16S rDNA identification based on
FasTA analysi§ [accession No.]
(% identity/ nucleotides or nt)

16S rDNA Identification based on
BLASTN analysi§ [accession No.]
(% identity/ nucleotides or nt)

1 (AF181568)

Sphingobacterium
thalopophiliurnt

Flexibacter santiiM62795]
(92.3%/1470 nt)

Flexibacter santiiM62795]
(93%/1257 nt & 92%/166 nt)

2 (AF181569) Xanthomonas Stenotrophomonasp. [AJ002814] Stenotrophomonasp. [AJ002814]
maltophilia (99.4%/1490 nt) (99%/1490 nt)
3 (AF181570) no id Pseudomonas pseudoalcaligenes Pseudomonas pseudoalcaligenes
[276666] (99.4%/1473 nt) [276666] (99%/1473 nt)
4 (AF181571) Pseudomonas Sphingomonasp. [X87165] Sphingomonasp. [X87165]
paucimobilis (99.7%/1438 nt) (99%/1438 nt)
5 (AF181572) no id Sphingomonasp. [Z273631] Sphingomonasp. [Z273631]

6 (AF181573)

Bacillus coagulans

(98.19%/1425 nt)
Bacillus polymyX{®16276]
(93.4%/1490 nt)

(98%/1425 nt)
Paenibacillus popilliagfAF071860]
(93%/1417 nt)

7 (AF181574) Enterobacter Klebsiella planticola[X93216] Klebsiella planticola[X93216]
aerogenes (99.7%/1495 nt) (99%/1495 nt)

8 (AF181575) Comamonas Comamonasp. [AJ002803] Comamonasp. [AJ002803]
acidovorans (99.3%/1483 nt) (99%/1483 nt)

9 (AF181576) Pseudomonas Pseudomonas monteilii Pseudomonas monsselAF072688]

fluorescens

[AF064458] (99.3%/1518 nt)

(98%/1514 nt)

#From Wolfaardt et al. 19%%
Pearson and Lipman 1988.
Altschul et al. 1990.

*Indicates doubtful identification.

Fig. 2. Location of the hybridization probes 4A-R and 6B-R in the 16S rDNA sequences of the consortium isolates. The consensus
nucleotides in each sequence are shaded.

6B-R 3-CT GAAAGACCGG ACATTG-5
4A-R 3-CC GAGTGACCTG ACCATA-5’

1-16SrDNA...... GCGAAGGCAG CTGGCT ACAC AGAAAT TGAC ...742
2-16SrDNA...... GCGAAGGCAG CTACCTGGAC CAACAC TGAC...727
3-16SrDNA...... GCGAAGGCGA CCACCTGGAC TGATACTGAC...719
4-16SrDNA...... GCGAAGGCGG CTCACTGGAC TGGTAT TGAC...669
5-16SrDNA...... GCGAAGGCGA CTGACTGGAC AAGTAT TGAC...668

6-16SrDNA...... GCGAAGGCGA CTTTCTGGCC TGTA AC TGAC...733
7-16SrDNA...... GCGAAGGCGG CCCCCTGGAC AAAGAC TGAC...729
8-16SrDNA...... GCGAAGGCAA TCCCCTGGAC CTGTACTGAC ...718
9-16SrDNA...... GCGAAGGCGA CCACCTGGAC TGAT ACTGAC ...740

Consensus...... GCGAAGGCRR YYNNCTRSMC HDDNAY TGAC ...760

diclofop-methyl-degraders, but the present study also-indiR) and 6 (6B—R) had the sequencés ATA CCA GTC
cates the potential importance of Gram-positive bacilli inCAG TGA GCC -3, and > GTT ACA GGC CAG AAA

these communities. GTC-3, respectively. The specificity analysis of the-de
Specific oligonucleotide probes were designed for isolatesigned probes, using theuwpLiFy software, was conclusive,

4 and 6 based on the 16S rDNA alignment of all nine-iso i.e., no significant homology between the designed probe se

lates (Fig. 2). The 16S rDNA alignment regions for the quences and the 16S rDNA sequences of the other isolates

design of the probes were from nucleotides 648 to 665 fowas found. Thus, the designed oligonucleotide probes were

isolate 4, and from nucleotides 712 to 729 for isolate 6. Thaused to perform in situ fluorescent hybridization (FISH) test

designed oligonucleotide probes specific for isolates 4 (4A-rials in biofilm samples.
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Fig. 3. In situ fluorescent hybridization (FISH) of the biofilm consortium. Samples were hybridized with either TAMRA NHS-labeled
6B—R and FAMS NHS-labeled Eub338 (A), or FAM NHS-labeled 4A-R and TAMRA NHS-labeled Eub338 (B). The target cells
(isolate 6 in A, and isolate 4 in B) are indicated by arrows.

Specificity of the designed probes (4A-R and 6B-R)Conclusions
against their target DNA sequences was verified using the Molecular characterization of bacterial isolates from a
whole cell hybridization technique. A strong fluorescencediclofop-methyl-degrading biofilm consortium, with cata-
was detected for isolates 4 and 6 with their labeled probebolic genes from known degradation pathways for structur-
4A-R and 6B-R, respectively. Only a weak response waslly-related compounds, suggested that novel catabolic genes
detected for both cross-reactions, as well as for isolate &re functioning in the isolates. Specific fluorescent
with both probes, corresponding to non-specific hybridiza-oligonucleotides were designed for two of the isolates fol-
tion. These results confirmed the specificity of the designedowing 16S rDNA sequencing and identification of each of
probes (4A-R and 6B-R) against their target DNA- se the isolates. The distribution and abundance of isolates 4 and
guences. 6 in the biofilm consortium were examined by fluorescent in

Application of the two specific probes in biofilms formed Situ hybridization, validating the specificity of the probes,
by the mixture of the nine isolates also indicated that theyand demonstrating their potential for ecological studies of
were specific and lacked cross-reactivity with other commu this degradative consortium.
nity members. Two typical fields showing the form and ar
rangement of the bioflm and the distribution of cells References
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