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The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D)-degrading bacterium Achromobacter xylosoxidans
subsp. denitrificans strain EST4002 contains plasmid pEST4011. This plasmid ensures its host a stable 2,4-D*
phenotype. We determined the complete 76,958-bp nucleotide sequence of pEST4011. This plasmid is a deletion
and duplication derivative of pD2M4, the 95-kb highly unstable laboratory ancestor of pEST4011, and was
self-generated during different laboratory manipulations performed to increase the stability of the 2,4-D*
phenotype of the original strain, strain D2M4(pD2M4). The 47,935-bp catabolic region of pEST4011 forms a
transposon-like structure with identical copies of the hybrid insertion element 1S1071::1S1471 at the two ends.
The catabolic regions of pEST4011 and pJP4, the best-studied 2,4-D-degradative plasmid, both contain
homologous, #fd-like genes for complete 2,4-D degradation, but they have little sequence similarity other than
that. The backbone genes of pEST4011 are most similar to the corresponding genes of broad-host-range
self-transmissible IncP1 plasmids. The backbones of the other three IncP1 catabolic plasmids that have been
sequenced (the 2,4-D-degradative plasmid pJP4, the haloacetate-catabolic plasmid pUO1, and the atrazine-
catabolic plasmid pADP-1) are nearly identical to the backbone of R751, the archetype plasmid of the IncP1
B subgroup. We show that despite the overall similarity in plasmid organization, the pEST4011 backbone is
sufficiently different (51 to 86% amino acid sequence identity between individual backbone genes) from the
backbones of members of the three IncP1 subgroups (the «, 3, and v subgroups) that it belongs to a new
IncPlsubgroup, the 3 subgroup. This conclusion was also supported by a phylogenetic analysis of the #rf42,

korA, and traG gene products of different IncP1 plasmids.

Microbial degradation of 2,4-dichlorophenoxyacetic acid
(2,4-D), a xenobiotic herbicide used worldwide for almost 60
years, is a well-studied process. Various soil bacteria can use
24-D as a carbon and energy source. Therefore, this com-
pound has become a model for studying the evolution and
distribution of genes for the degradation of chloroaromatic
compounds. A number of bacterial strains belonging to differ-
ent phylogenetic groups able to mineralize this compound have
been found to possess genetically and enzymatically different
2,4-D-catabolic pathways (9, 10, 16-18). The best-studied
2,4-D degradation genes (located in a chromosome or a plas-
mid) are ¢fd-like (pJP4-like). The very recently sequenced
87,688-bp plasmid pJP4 (48) from Wautersia eutropha JMP134
(formerly Ralstonia eutropha) was originally isolated in Aus-
tralia (8), and its #fd genes and the corresponding enzymes
responsible for converting 2,4-D to 3-oxoadipate are well char-
acterized (22, 23, 25, 26, 35, 58). Besides pJP4, there are only
two cases in which the DNA regions containing ¢fd genes for
the whole 2,4-D degradation pathway have been sequenced, a
chromosomal transposon-like structure (about 30 kb) from
Delftia acidovorans P4a (15) and Tn5530 (41 kb) located in
plasmid pIIB1 from Burkholderia cepacia 2a (36, 56). The tfd
genes of these two elements are homologous to the pIP4 #fd
genes but are organized in a different way.
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Bacterial catabolic genes are often encoded by mobile ge-
netic elements, including transposons and conjugative plas-
mids. Genes that encode degradation of man-made com-
pounds are often found in IncP1 plasmids which are divided
into three subgroups, the «, B, and vy subgroups (1). These
plasmids are the most promiscuous self-transmissible plasmids
that have been characterized to date (46) and thus could be
responsible for efficient dissemination of genes encoding deg-
radation of recently introduced xenobiotic compounds. The
(almost) complete nucleotide sequences of four IncP1 cata-
bolic plasmids, pUO1 (39), pADP-1 (30), pJP4 (48), and pTSA
(47) coding for haloacetate, atrazine, 2,4-D, and p-toluenesul-
fonate degradation, respectively, have been determined, and
they have all been shown to be members of the IncP1 B sub-
group. Although only the catabolic region of the 2,4-D-degra-
dative plasmid pIJB1 has been sequenced, it has been shown
that this plasmid belongs to the same subgroup (36).

Nearly 20 years ago, several 24-D-metabolizing bacterial
strains were isolated from different soil samples from Estonian
agricultural enterprises. They all contained 2,4-D-degradative
plasmids that were the same size (2; V. Koiv, unpublished
data). One strain, D2M4, containing plasmid pD2M4 (about
95 kb), was selected for further investigation as it showed the
best growth characteristics on 2,4-D as a sole source of carbon
and energy. However, the 2,4-D ™ phenotype of this strain was
very unstable. Different laboratory manipulations were per-
formed in order to obtain a more stable phenotype. As a result,
strain EST4002 containing plasmid pEST4011 (approximately
70 kb, as estimated by restriction analysis) was isolated. This
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strain was determined to be a strain of Achromobacter xylosox-
idans subsp. denitrificans. According to hybridization exper-
iments, the #fd-like genes for 2.4-D degradation were all lo-
cated in pEST4011. 2,4-D" strain EST4003 (obtained when
EST4002 was grown in Luria-Bertani medium) contained plas-
mid pEST4012 (about 30 kb), from which the whole catabolic
region had been deleted (28, 53).

In this paper we report the complete nucleotide sequence of
a 2,4-D degradative plasmid, the 76,958-bp pEST4011 plasmid,
and we describe and analyze all open reading frames (ORFs)
and other features detected in pEST4011. The restriction pat-
terns of pEST4011 and its ancestor, pD2M4, which is unstable
in the laboratory, are compared. On the basis of multiple
alignments of all available #f42, korA, and traG gene products
of different IncP1 plasmids, we show that the backbone of
pEST4011 is quite different from that of other IncP1 plasmids.
Consequently, we suggest that pEST4011 belongs to a new
IncPlsubgroup, the 8 subgroup.

MATERIALS AND METHODS

Isolation of pEST4011 DNA. A. xylosoxidans subsp. denitrificans EST4002 cells
harboring pEST4011 were maintained on minimal salts agar plates containing 5
mM 2,4-D. Plasmid pEST4011 was isolated from EST4002 cells that were grown
overnight at 30°C in minimal salts medium supplemented with 5 mM 2,4-D. The
culture obtained was inoculated into minimal salts medium supplemented with
20 mM sodium citrate and 0.2% Casamino Acids and grown overnight at 30°C.
Plasmid DNA was isolated by using a method for isolation of large bacterial
plasmids described by Hansen and Olsen (13), followed by CsCl buoyant density
ultracentrifugation (38).

Construction of pEST4011 library. For construction of a pEST4011 library,
partial digestion with Bsp1431 was used to produce overlapping fragments that
were approximately 1 kb long. These fragments were cloned into the BamHTI site
of the vector plasmid pBluescript II (SK) (Stratagene) and transferred into
Escherichia coli DH5a cells. This and all other cloning procedures in this study
were performed by using standard methods (38).

DNA sequencing. Templates for DNA sequencing were prepared by PCR
amplification of inserted DNA from randomly selected insert-containing clones
with the vector-specific primers T3 and T7. The PCR products obtained were
directly sequenced by using the same primers (subsequent primer walking was
vsed if necessary), a DYEnamic ET terminator cycle sequencing kit (Amersham
Pharmacia Biotech), and an ABI Prism 377 DNA sequencer (Applied Biosys-
tems).

pEST4011 sequence assembly. All sequences were edited and analyzed and
the complete sequence of pEST4011 was assembled by using the BioEdit se-
quence alignment editor, version 5.0.9 (12). Vector sequences were removed,
and sequences were assembled into contigs manually according to alignment
results with the most similar complete sequences obtained from the GenBank,
including those of Birmingham IncP-alpha plasmids (R18, R68, RK2, RP1, RP4)
(accession number 1.27758), Enterobacter aerogenes plasmid R751 (NC_001735),
and B. cepacia 2a plasmid plJB1 (AF029344). In order to close gaps, custom
primers were designed by using the ends of each contig. These primers were used
for PCR amplification of DNA fragments containing the necessary sequences;
purified pEST4011 DNA was used as a template. Again, the PCR products
obtained were directly sequenced by using the same primers. Finally, assembly of
the pEST4011 nucleotide sequence was verified by PCR analysis by producing
overlapping products covering the whole plasmid and by restriction analysis with
BamHI, Clal, EcoRI, HindIII, Kpnl, Mfel, Mlul, NdeI, Stul, and Xmnl.

Resequencing the identical regions of pEST4011. In order to separately rese-
quence the identical copies of IS1071::1S1471 and the 6,991-bp duplications, two
strategies were used. First, pEST4011 regions were cloned into the vector plas-
mid pBluescript II (SK) and sequenced by using vector-specific and custom
primers. Second, two overlapping PCR products were generated by using one
primer annealing outside the duplicated area and another primer annealing
inside the duplicated area, and they were sequenced by using the same primers
and subsequent primer walking.

Analysis of pEST4011 ORFs. The presence of ORFs in pEST4011 was ana-
lyzed by using the National Center for Biotechnology Information ORF Finder
program (http://www ncbinlm.nih.gov/gorf.html). All predicted ORFs that were
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at least 150 bp long were analyzed further with the BLASTN and BLASTP
programs (http://www.ncbinlm.nih.gov/BLAST), and only the ORFs with rea-
sonable homology to some other known sequence were selected. Translation
start codon positions were determined manually on the basis of the presence of
a potential Shine-Dalgarno sequence upstream of a start codon.

Phenotypic analysis with Biolog GN2 microplates. One day before inoculation
of Biolog GN2 plates (Biolog Inc., Hayward, Calif.), strain EST4002 harboring
plasmid pEST4011 and strain EST4003 harboring plasmid pEST4012 were
streaked on BUGM (Biolog Inc.) agar plates. The wells of the Biolog GN2 plates
were inoculated with 150 pl of a bacterial suspension adjusted to an optical
density at 580 nm of 0.150 for both strains. The plates were incubated at 30°C for
72 h. Development of color was automatically recorded by using a microplate
reader with a 620-nm-wavelength filter.

Multiple alignment and phylogenetic tree construction. The amino acid se-
quences of different IncP1 #f42, korA, and traG gene products were aligned,
and bootstrapped neighbor-joining trees were derived by using the program
CLUSTALX, version 1.8 (43), with default parameters. The PHYLIP 3.6 soft-
ware package (http://evolution.genetics.washington.edu/phylip.html) programs
SEQBOOT, PROTDIST, NEIGHBOR, CONSENSE, and PROML were used
to calculate protein distances and to derive the corresponding phylogenetic trees.

Nucleotide sequence accession number. The complete nucleotide sequence of
PEST4011 from A. xylosoxidans subsp. denitrificans strain EST4002 has been
deposited in the GenBank database under accession number AY540995.

RESULTS AND DISCUSSION

Nucleotide sequence and organization of pEST4011. The
2,4-D-degradative plasmid pEST4011 is circular and 76,958 bp
long and has an overall G+C content of 62.03%. Thus,
pEST4011 is 7 kb larger than we previously calculated on
the basis of restriction analysis. A circular physical map of
pEST4011 is shown in Fig. 1. The first nucleotide of the
HindIII restriction site between the upf54.4 and upf54.8 genes
corresponds to position 1. The recognition site positions of 10
different restriction endonucleases are also shown in Fig. 1.
Interestingly, 101 of 115 of these sites are located in the cata-
bolic transposon of pEST4011. These restriction enzymes to-
gether with the PCR analysis were used to verify the assembly
of pEST4011 (data not shown). Plasmid pEST4011 consists of
the 29-kb IncP1 backbone loaded with the 48-kb catabolic
transposon containing, among other genes, the #fd-like genes
for complete 2,4-D degradation, bordered by identical IS1071::
1S7471 hybrid insertion elements. The nucleotide sequence of
this catabolic transposon is 99% identical to the sequence of
Tn5530 (41 kb) of plIB1, except for duplication of a 6,991-bp
region in the case of pEST4011. As a result, the pEST4011
region from position 27334 to position 34324 is identical to the
adjacent region from position 34325 to position 41315, with
only one mismatch. In addition, the pEST4011 region from
position 20101 to position 31555 is 99% identical to the se-
quenced region of Variovorax paradoxus TV1 24-D-degrada-
tive plasmid pTV1 (49, 50). The IncP1 backbone of pEST4011
consists of the standard elements (Fig. 1), including the origin
for the theta mode of replication (oril) regulated by iterons;
the region necessary for autonomous replication initiation,
copy number control, and stable maintenance in the host cell;
and two regions involved in plasmid conjugation, Tral (tra
genes) with an origin of transfer (oriT) and Tra2 (b genes).
However, seven trb genes (#rbE to trbL) essential for mating
pair formation during conjugation are not present in pEST4011.

By using the National Center for Biotechnology Information
ORF Finder program and BLAST similarity searches, 68
ORFs were identified in the pEST4011 sequence (Fig. 1; Table
1); 58 of these ORFs were named after the closest relative
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FIG. 1. Circular physical map of 76,958-bp plasmid pEST4011. The identified ORFs, the insertion elements, and the vegetative (oriV) and
transfer (oriT) origins are shown inside the circle. The blue genes are necessary for plasmid autonomous replication initiation, copy number control,
and stable maintenance in the host cell; the yellow genes are involved in plasmid conjugation; all genes in the pEST4011 catabolic transposon are
purple. The 7-kb duplicated regions are indicated; the site from which the essential transfer genes #bE to #rbL are missing is indicated by a line
with a triangle at the end. R indicates the righthand copy of 1S1071::1S1471, and L indicates the lefthand copy of IS1071::1S1471. The recognition
site positions of 10 restriction endonucleases, which were used to verify the assembly of pEST4011, are indicated outside the circle. The colored
circle indicates the G+C contents in 192-bp blocks starting from the position 1 (the first nucleotide in the corresponding HindIII recognition site).

The products of the genes in quotation marks are truncated and thus probably not functional.

tnpl471 genes of 1S1071::1S1471. Ten ORFs encode putative
transcriptional regulators. Four ORFs start with GTG, and the
rest start with an ATG translation start codon. The translation
stop codons are TGA (42 ORFs), TAA (15 ORFs), and TAG
(12 ORPFs). A ribosome-binding site with low similarity (two to
four matches) to the Shine-Dalgarno consensus sequence (5'-
TAAGGAGGT-3") precedes 24 ORFs, while for 44 ORFs
there are five to seven matches with the consensus sequence.

found in the GenBank database. Twenty-two ORFs are orien-
tated in the same direction, whereas 46 are orientated in the
opposite direction. Similarly, 34 ORFs are located both in the
backbone and in the catabolic transposon of pEST4011 (9 of
these ORFs are the ¢fd genes for 2,4-D catabolism). Six ORFs
in the catabolic region (including one #fd gene) have identical
copies due to duplication of a 7-kb DNA segment. Five ORFs
code for putative transposases, and two of them are identical

Bayer EX1046



9101 X3 19Aeg

TABLE 1. Locations and predicted functions of pEST4011 coding sequences

No. of amino acids in protein

pESE& 011 pES§4011 Function of closest relative % Identity/ GenBank
- s 1na§es (protein)” Source pEST4011 Homolog % similarity accession no.
sequence (31w el - : :
gnment region) (alignment region)

upf54.8 350-6 Unknown (Upf54.8) Enterobacter aerogenes plasmid R751 114 (1-114) 115 (1-115) 63/81 NC_001735
orfl 975-367 Cell filamentation protein (XF 1657) Xylella fastidiosa 9a5Sc 202 (1-202) 203 (1-203) 82/93 AE003992
orf2 1160-972 Unknown (XF1656) Xylella fastidiosa 9a5Sc 62 (1-62) 62 (1-62) 81/97 AE003992
kfrAd 2241-1225 Regulation of kfrd transcription (KfrA) Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 338 (1-338) 308 (1-308) 54/72 127758
korB 3509-2436 Global transeriptional repressor (K or B) Enterobacter aerogenes plasmid R751 357 (1-357) 349 (1-349) 73/87 NC 001735
ineCl 4597-3506 Plasmid partitioning (IncC1) Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 363 (1-363) 364 (1-364) 68/81 1277580
IneC2 4279-3506 Plasmid partitioning (IncC2) Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 257 (1-257) 259 (1-259) 74/87 127758
kor4 4584-4276 Global transcriptional repressor (K or A) Enterobacter aerogenes plasmid R751 102 (1-102) 100 (1-100) 73/90 NC_ 001735
kleF 5268-4747  Plasmid maintenance (KleF) Enterobacter aerogenes plasmid R751 173 (1-173) 176 (1-176) 63/82 NC 001735
kieE 5593-5270 Plasmid maintenance (KleE) Enterobacter aerogenes plasmid R751 107 (1-107) 109 (1-109) 61/79 NC 001735
kleA 5967-5710 Plasmid maintenance (KleA) Enterobacter aerogenes plasmid R751 85 (1-85) 78 (1-78) 55/71 NC_001735
korC 6415-6158 Global transcriptional repressor (KorC) Enterobacter aerogenes plasmid R751 85 (1-85) 85 (1-85) 68/84 NC_001735
kleB 7836-6430 KorA repression modulation (KleB) Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 468 (1-468) 461 (227-234) (1-461)° 53/72 127758
kleA 8318-7884  Possible antirestriction system (KlcA) Enterobacter aerogenes plasmid R751 144 (1-144) 142 (1-142) 75/87 NC_001735
tnpl471 13099-12062  Transposasc (Tnpl471) Burkholderia cepacia 2a plasmid pIIB1 345 (1-345) 345 (1-345) 100/100 AF029344
orf3 14087-14875  Unknown (CdoX3) Comamonas sp. strain JS765 262 (143-262) 305 (138-256) 39/59 AF190463
orf4 14844-14479  Transcriptional regulator (COGO0583) Ralstonia metallidurans 121 (1-84) 305 (1-84) 90/98 NZ_AAA101000558
tnpBPH 15612-16595  Transposase (TnpBPH) Achromobacter georgiopolitanum KKS102 327 (1-327) 321 (1-321) 65/78 AB047327
tfdF 17839-16766  Maleylacetate reductase (ClpF) Defluvibacter lusatiensis 357 (1-357) 353 (1-353) 52/76 AJ536297
tfdA 20529-19666  2,4-D/alpha-ketoglutarate dioxygenase (TfdA) Delftia acidovorans P4a 287 (1-287) 287 (1-287) 98/100 AY078159
tfdK 22069-20678  2,4-D transport protein (TfdK) Delftia acidovorans P4a 463 (1-463) 463 (1-463) 99/99 AY078159
tfdB 23925-22168  2,4-Dichlorophenol hydroxylase (TfdB) Delftia acidovorans P4a 585 (1-585) 586 (1-586) 99/99 AYO078159
tfdE 24847-24140  Dienelactone hydrolase (TfdE) Delftia acidovorans P4a 235 (1-235) 235 (1-235) 99/100 AY078159
tfdC 25628-24867  Chlorocatechol 1,2-dioxygenase (TfdCII) Ralstonia eutropha IMP134 plasmid pJP4 253 (1-253) 253 (1-253) 89/97 U16782
tfdR 26046-26960  LysR-type transcriptional regulator (TfdR) Ralstonia eutropha IMP134 plasmid pJP4 304 (1-304) 295 (1-295) 88/93 16782
iaaH 28435-27014  Indole acetamide hydrolase (Tms2) Bradyrhizobium japonicum USDA110 473 (1-473) 471 (1-471) 47/70 NC_004463
orfs 29621-28608  Unknown (ORF1) Delftia acidovorans P4a 337 (1-337) 336 (1-336) 73/91 AY078159
tfdD 30735-29623  Chloromuconate cycloisomerase (TfdD) Delftia acidovorans P4a 370 (1-370) 370 (1-370) 84/95 AY078159
orf6 31042-31671  Putative transposase (ORF4) Burkholderia cepacia R34 209 (1-209) 371 (163-371) 94/99 AF169302
cep 33282-31951  Chloride channel protein (EriC) Burkholderia fungorum 443 (1-443) 459 (1-459) 41/65 ZP_00030265
Ip 34302-33793  Leucine-responsive regulatory protein (Lrp) Bradyrhizobium japonicum USDA110 169 (1-169) 153 (1-153) 5973 NC_004463
TaaH 35426-34191  Indole acetamide hydrolase (Tms2) Bradyrhizobium japonicum USDA110 411 (1-411) 471 (1-423) 42/66 NC_004463
orfs 36612-35599  Unknown (ORF1) Delftia acidovorans Pda 337 (1-337) 336 (1-336) 73/91 AY078159
tfdD 37726-36614  Chloronuconale cycloisomerase (TfdD) Delftia acidovorans P4a 370 (1-370) 370 (1-370) 84/95 AY078159
orf6 38033-38662  Putative transposase (ORF4) Burkholderia cepacia R34 209 (1-209) 371 (163-371) 94/99 AF169302
ccp 40273-38942  Chloride channel protein (EriC) Burkholderia fungorum 443 (1-443) 459 (1-459) 41/65 ZP_00030265
Ip 41293-40784  Leucine-responsive regulatory protein (Ltp) Brodyrhizobium japonicum USDA110 169 (1-169) 153 (1-153) 57/73 NC_004463
putA 41332-45132  Proline dehydrogenase/pyrroline-5-carboxylate Pseudomonas syringae pv. syringae B728a 1,266 (1-1266) 1,317 (1-1317) 60/78 ZP_00125171

dehydrogenase bifunctional protein (COG4230)
mdeA 45142-46824  Malonate decarboxylase alpha subunit (MdcA) Xanthomonas axonopodis pv. citri str. 306 560 (1-560) 548 (1-548) 79/90 NC 003919
mdeD 46834-47160  Malonate decarboxylase delta subunit (MdcD) Xanthomonas axonopodis pv. citri str. 306 108 (1-108) 105 (1-105) 49/66 NC_003919
mdcB 4715748050  Malonate decarboxylase beta subunit (MdcB) Xanthomonas axonopodis pv. citri str. 306 297 (1-297) 306 (1-306) 55/71 NC_003919
mdcC 48061-48762  Malonate decarboxylase gamma subunit (MdcC) Xanthomonas axonopodis pv. citri str. 306 233 (1-233) 234 (1-234) 49/69 NC 003919
mdcE 48771-49463  Holo-ACP synthetase (MdcE)* Xanthomonas axonopodis pv. citri str. 306 230 (1-230) 213 (1-213) 31/53 NC 003919
elrG 49460-50332  2'-(5''-Triphosphoribosyl-)-3'-dephospho- Xanthomonas axonopodis pv. citri str. 306 290 (1-290) 289 (1-289) 47/62 NC_003919

coenzyme A synthetase (CitG)
mdcH 50329-51237 Malonyl coenzyme A-ACP transacytase (MdcH) Xanthomonas axonopodis pv. citri str. 306 302 (1-302) 306 (1-306) 45/63 NC_003919
orf7 52274-51534  Transcriptional regulator (COG1309) Burkholderia fungorum 246 (1-246) 242 (1-242) 33/62 ZP_00033878
orf8 52526-53341  Putative exported protein, conserved in bacteria Bordetella pertussis Toharna T 271 (1-263) 323 (1-265) 47175 NP_879486
trpl471 56714-55677  Transposase (Tnp1471) Burkholderia capacia 2a plasmid pITB1 345 (1-345) 345 (1-345) 100/100 AF029344
A 61110-60241  Initiation of vegetative plasmid replication (1rfA2)  Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 289 (1-289) 285 (1-285) 77188 L27758
trbA 61431-61808  Transcriptional repressor (TrbA) Enterobacter aerogenes plasmid R751 125 (1-125) 120 (1-120) 63/80 NC 001735
trbB 62060-63022  Inner membrane ATPase (TrbB) Enterobactor aerogenes plasmid R751 320 (1-320) 320 (1-320) 81/89 NC_001735
rbC 63034-63462  Involved in mating pair formation during Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 142 (1-142) 145 (1-145) 66/84 127758

conjugation (TrbC)
trbD 63465-63776  Involved in mating pair formation during Birmingham IncP-alpha plasmid (RP4, RK2, etc.) 103 (1-103) 103 (1-103) 86/96 L7758

conjugation (TrbD)
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Genes involved in 2,4-D degradation. In A. xylosoxidans
subsp. denitrificans EST4002, all #fd genes necessary for 2,4-D

R B im0 innn degradation (the pathway is shown in Fig. 2) are located on

@ DwbwE wemmEoEoos plasmid pEST4011 (Table 1; Fig. 1). Figure 3 shows the por-

§ SE SE 8' § § § 8'8'8'8'8'8' tion of the pEST4011 catabolic region containing the #fd genes,

H ARAE R AEEARs which are organized as follows. There is a cluster of genes

comprising #fdC (which codes for 3,5-dichlorocatechol 1,2-di-

Y amegog wouoowoIow oxygenase) (21), tfdE (which codes for 2-chlorodienelactone

5 deorE poEinrEcE hydrolase), tfdB (which codes for 2,4-dichlorophenol hydroxy-

lase), tfdK (which codes for 2,4-D transporter), and (fdA (which

codes for 2,4-D/a-ketoglutarate dioxygenase). ffdR, which en-

codes a LysR-type transcriptional activator (54), is located

immediately upstream and is transcribed divergently from this

‘Z? ggggg ‘gg@@gg\ggg cluster; almost 2 kb downstream of this cluster lies a gene for

o cotdd totodddod (2-chloro)maleylacetate reductase (¢fdF); finally, 2,4-dichloro-

P 3TAZR GEICEEFES ciscis-muconate cycloisomerase is encoded by two identical

2tz copies of #dD which are located 2.6 and 9.6 kb upstream of
tfdR.

o cecos ces . canes The A. xylosoxidans subsp. denitrificans EST4002 ¢fdE, tfdB,

T Facfo SESDOTAIS tfdK, and tfdA4 genes are almost identical to the same genes of

B Esaahl m A uE st the D. acidovorans P4a chromosomal transposon for 2,4-D

¥ S8SRS BESTHNASS degradation and are also organized in the same order (Table 1;

Fig. 3). The #dC and tfdR genes are most similar to the cor-

responding genes of W. eutropha IMP134 plasmid pJP4. The

pEST4011 #fdD gene and orf5, which are immediately down-

stream of ¢fdD, are most similar to D. acidovorans Pda tfdD and

orfl. The function of the product encoded by orfl is unknown,

CECEER but this ORF has been found in many operons determining

gl f ortho cleavage pathways of chlorocatechols. The strongly con-

served amino acid sequences encoded by these ORFs suggest
that the products might play an essential role in the function of
these operons (31). The chloromaleylacetate reductase en-
coded by pEST4011 #fdF is quite different from all other known
chloromaleylacetate reductases; only 52% of its amino acids
are identical to the amino acids of the closest relatives, the
a-proteobacterial ClpF involved in chlorophenol degrada-
tion by Defluvibacter lusatiensis and Bradyrhizobium japonicum
USDA 110 MacA (52% amino acid identity and 77% amino
acid similarity).

All #fd gene products except TtdD and TfdF are very similar
to pJP4 #fd gene products, including TtdA (84% amino acid
identity and 94% amino acid similarity), TfdBy; (91% amino
acid identity and 97% amino acid similarity), TfdCy; (89%

Birmingham IncP-alpha plasmid (RP4, RK2, etc.)
Birmingham IncP-alpha plasmid (RP4, RK2, etc.)

Enterobacter aerogenes plasmid R751
Birmingham IncP-alpha plasmid (RP4, RK2, etc.)

Enterobactor aerogenes plasmid R751

Birmingham IncP-alpha plasmid (RP4, RK2, etc.)
Birmingham IncP-alpha plasmid (RP4, RK2, etc.)
Birmingham IncP-alpha plasmid (RP4, RK2, etc.)

Enterobacter aerogenes plasmid R751
Enterobacter aerogenes p
Enterobacter aerogenes p
Enterobacter aerogenes p
Enterobacter aerogenes p
Enterobacter aerogenes p

Enterobacter aerogenes p
@ As the whole catabolic transposon of pEST4011 (positions 9700 to 57634) is practically identical to Tn5530 of Burkholderia capacia 2a plasmid pIIB1 (accession number AF029344), the second-closest relatives are

® The sequence of the Birmingham IncP-alpha plasmid klcB gene is interrupted by Tn/, which was removed by us before alignment.

oh oD 6
i g E
5 : =
k=l o
= = - -
2 2 = T o 22
=1 =) © =
£ E 2 SofoEE p el - : PR S
& 4 5 S amino acid identity and 97% amino acid similarity), TfdE,
o (53 s o e % s 7 - . . iy % .
P HE o S CEces (79% amino acid identity and 93% amino acid similarity), and
=9 FAmMEOF 98 g 8 S 5 o4 3 g Sl B B
éoij = éoij 2 E SEgE & el TfdK (74% amino acid identity and 90% amino acid similarity)
£ - Lo grvhen 8 o) 5
5288 52 g %g SR rETER (Fig. 3). The ancestors of the pEST4011 tfdRCEBKA gene
3 ® 2 ] S N =
= o eg%g - gg %) E SD_%‘)‘E“ ‘E" % g cluster and the pJP4.tf.dRD,,C,,E, BrK gene cluster pr(?ba-
PPy P8P 253 eS¢z g bly had a common origin. In the case of pEST4011, the regions
LTSS EHE Tdg B SO EE B T -
28 EEZ% 98727255222 & containing the #fdD and ¢fdF genes have been deleted. In the
o L ol o U] =
HONRRRS SRSk eRas gﬂ chromosomal transposon of D. acidovorans P4a only a portion
SE ¢ of the ffdRCEBKA cluster is present in pEST4011 (Fig. 3). As
¥ Popms Gougspmes gr g tfdF and tfdD are not pJP4-like genes and are sepa.trat.ec.i from
8 BE385e gEagggees B A the fdRCEBKA gene cluster, they were probably individually
Q bgeue QO aingna H©e.2 recruited in the precursor of the pEST4011 catabolic transpo-
> oo, B B el OO0 Al OOy o E =
C 88883 FRNEpEIZLLR 28 son to replace the genes lost from the putative ancestor the
558 tfdRDCEFBK(A) cluster during evolution. Vallaeys et al. have
- Bl also shown that diverse gene cassettes were independently
4 = ; p : ;
i § "U; S CI- ISPV A re?crulted dl.lr.lng assembly of 2,4-D-catabolic pathways having
% SEEEE EEEEEREEERY| S different origins (51).
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FIG. 2. 24-D degradation pathway encoded by tfd genes. TCA, tricarboxylic acid.

At a position 1.2 kb upstream of ¢fdD there is a gene (ccp)
whose predicted product is most similar to Burkholderia fun-
gorum EriC (41% amino acid identity and 65% amino acid
similarity) and Xanthomonas axonopodis pv. citri str.306 (ac-
cession number NC_00125171) YadQ (37% amino acid iden-
tity and 65% amino acid similarity), which are the chloride-
channeling proteins (37). As chloride ions are liberated during
2,4-D dissimilation, this protein may have a role in removal of
these ions from cells.

The proposed functions and the levels of amino acid identity
and similarity of other predicted gene products encoded by the
pEST4011 catabolic transposon are shown in Table 1. In this
transposon only 11 of 34 ORFs (nine #fd genes plus two copies
of cep coding for a chloride-channeling protein) are necessary
for 2,4-D degradation. In addition to these ORFs, the presence
of two copies of orf5 could be bound to the same function (31).
Five ORFs code for (putative) transposases, and four ORFs
are translated into (putative) transcriptional regulators; the
functions of two ORFs are unknown. The remaining 10 ORFs
potentially code for different catabolic functions, including in-
dole acetamide hydrolase (two copies of iaaH), proline dehy-
drogenase/pyrroline-5-carboxylate dehydrogenase bifunctional
protein (putA), and malonate decarboxylase (mdc operon of
seven genes). As shown in Table 1, the closest relatives of these
catabolic genes are found in bacteria known to be plant patho-

enes for 2.4-D degradation

ISBPH K Hfell J

pEST4011 rcuon containing

A By, R i S = A A A
1l el o e forfty £ cop s
4 EmaEm @ o) GEcm b 74

gens (X axonopodis and Pseudomonas syringae) and in a nitro-
gen-fixing symbiontic bacterium (B. japonicum). We analyzed
strains EST4002 (containing pEST4011) and EST4003 (con-
taining the deletant plasmid pEST4012) by a microtiter plate-
bound substrate utilization assay (Biolog Inc.). The scatter plot
of substrate utilization activities for the two strains studied
showed a high correlation (R* = 97.8%, P < 0.0001), which
means that all 95 carbon substrates from Biolog GN2 micro-
plate wells were utilized by these strains at approximately the
same rate (Fig. 4).

Indole acetamide hydrolase (IaaH) performs the second re-
action in the two-step pathway for synthesis of indole acetic
acid (a plant hormone auxin) from tryptophan, which is found
in associated plant-growth-promoting rhizobacteria (41). Thus,
even if the iaaH gene codes for a functional enzyme, plasmid
pEST4011 itself does not enable its host to synthesize auxin.
The PutA bifunctional protein converts L-proline to glutamate
for use as a carbon and nitrogen source; in addition, it acts as
a repressor of its own expression in response to the proline
supply (27). The Biolog analysis showed that strains EST4002
and EST4003 both used L-proline at physiological concentra-
tions as a growth substrate (Fig. 4). Thus, this ability must rely
on chromosomal genes.

Decarboxylation of malonate to acetate and CO, is a key
reaction as it initiates decomposition of this compound in both

i | Giam)

TN P
cps > apE|
T g

OkFx

IR6T 4565

Delftia acidovorans P4a chromosomal transposon for 2.4-D degradation

! | L B, A Mol i P,
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Wautersia eutropha JMP134 plasmid pJP4 region containing genes for 2.4-D degradation

11\/‘H< i K wc|| >{m.f ak\ ik ‘< B |/..r\..l 1 # », | Q anil] [@ﬁ /‘r_\] ]_J\)e( 181071
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FIG. 3. Comparison of the arrangement of the #fd genes in plasmid pEST4011 and the homologous genes in D. lusatiensis (accession number
AJS536297), D. acidovorans P4a (AY078159), and W. eutropha JMP134 plasmid pJP4 (AY365053). A pEST4011 #fd gene and its most similar
counterpart are indicated by the same color. The red numbers below the genes indicate percentage of amino acid identity/percentage of amino acid
similarity compared with the corresponding pEST4011 ¢fd analogue. The boxes around the genes indicate duplicated regions.

Bayer EX1046



VoL. 186, 2004

1.4 4
1.2 4
=
=
= 1.0+
O
g
= 0.8
Q
2
£ 06
oy
o
0.4 4
0.2 1 o
Maloni¢ acid
0.0 . . . : . , .
0.0 0.2 0.4 06 0.8 1.0 12 14 16

PEST4011 (ODgag )

FIG. 4. Scatter plot of substrate utilization activities for strain
EST4002 containing plasmid pEST4011 and strain EST4003 contain-
ing deletant plasmid pEST4012, with a regression line. All 95 carbon
substrates from Biolog GN2 microplate wells are represented by dots,
and the locations of L-proline and malonic acid are indicated by ar-
rows. ODgs0nm, Optical density at 620 nm.

aerobic and anaerobic bacteria (7, 20). The predominant por-
tion of malonate in the environment originates from industrial
production; therefore, bacterial degradation of this compound
is now of great interest. In the case of B. cepacia both strain 2a
(which contains pIJB1) and mutant strain 2a-1 (which contains
plasmid pIJB2, in which the whole catabolic region has been
deleted) (56) were able to grow on malonate as a sole source
of carbon and energy. Xia et al. (56) concluded that the ability
to grow on malonate must reside on the chromosome, al-
though the plasmid-borne analogues of mde genes could also
be active. According to the substrate utilization assay, strains
EST4002 and EST4003 do not use malonic acid as a growth
substrate (Fig. 4). Therefore, as the nucleotide sequences of
pEST4011 and pIJB1 mdc operons are 100% identical, this
gene cluster alone is not adequate for malonate dissimilation
in either host. Consequently, it seems that the only detectable
catabolic property of EST4002 provided by plasmid pEST4011
is the ability to degrade 2,4-D. However, it is possible that in
other hosts this plasmid contributes to additional properties
(for example, auxin biosynthesis or malonate dissimilation).

The (putative) regulatory proteins encoded by pEST4011
(for example, Lrp) may alter the expression pattern of both
plasmid and chromosomal genes. Genome analyses have re-
vealed that members of the Lrp family of transcriptional reg-
ulators are widely distributed among prokaryotes. The arche-
type leucine-responsive regulatory protein from E. coli is a
global regulator involved in modulating a variety of metabolic
functions, including catabolism and anabolism of amino acids,
as well as pilus synthesis (4). Lrp has also been shown to be a
positive modulator of conjugal transfer of F-like plasmids (5,
40). However, the metabolic patterns of strains EST4002 and
EST4003 with the carbon substrates available on Biolog GN2
microplates are not significantly different (Fig. 4).

Insertion elements in pEST4011. The 48-kb catabolic trans-
poson of pEST4011 is bordered by identical (two mismatches)
copies of the hybrid insertion element IS1071::1S1471 (posi-
tions 9700 to 14019 and 53315 to 57634) (Fig. 3). This element

SEQUENCE OF CATABOLIC PLASMID pEST4011 7167

consists of the 1.1-kb IS747] element (which belongs to the
IS630 family described by Mabhillon and Chandler [29]) in-
serted into the 3.2-kb class II transposable element 1S1071
(57). While IS1071 flanks a variety of catabolic genes and
operons (6), IS1471 has been detected only in the hybrid
1S1071::1S1471 insertion elements present in pEST4011 and
plIB1. In the case of plIB1, both copies of 1S1071::1S1471
flanking Tn5530 have been sequenced only partially, but Poh et
al. (36) have suggested that these copies are not identical.

At a position 1.5 kb upstream of the lefthand copy of
1S1071::1S1471 there is another insertion element in pEST4011
(Fig. 1), an ISBPH-like structure whose transposase gene is
most similar to the Achromobacter georgiopolitanum KKS102
transposase gene tmpBPH of insertion element ISBPH (Table
1). In A. georgiopolitanum KKS102, ISBPH is located between
bphS and bphE, the genes involved in biphenyl degradation
(32).

Comparison of the pEST4011 backbone with other IncP1
backbones. A 29-kb region of pEST4011 (positions 1 to 9699
and 57635 to 76958) contains genes for plasmid replication
initiation, stable maintenance in the host cell, and the conju-
gation machinery for plasmid transfer into new hosts (Fig. 1).
The overall structure of the pEST4011 backbone is similar to
that of the archetype plasmids belonging to the IncP1 « sub-
group (RK2, etc.) (33) and IncP1 B subgroup (R751) (44)
(Table 2 briefly describes all plasmids discussed in this paper).
The predicted gene products of the backbones of the IncP1
plasmids (completely) sequenced by May 2004, including
pUO1 (39), pADP-1 (30), pJP4 (48), pTSA (47), and pB4 (42),
are 65 to 100% identical to those of R751. However, the
corresponding gene products of the pEST4011 backbone show
only 51 to 86% identity to either R751 or RK2 backbone gene
products. The proposed functions and levels of amino acid
identity and similarity of all predicted pEST4011 backbone
gene products are shown in Table 1.

A comparison of the six IncP1 plasmids mentioned above
(not including pJP4) (1, 39) showed that various resistance and
catabolic determinants are inserted mostly into two regions in
the plasmid backbones, between ori})” and the #f4 gene and
between the Tral and Tra2 regions. When we compared plas-
mids pEST4011 and R751, the archetype plasmid of the IncP1
B subgroup, we found that pEST4011 contains only one cata-
bolic transposon inserted between the core of oril and the tf4
gene (between iterons 2 and 3) (Fig. 5).

In the pEST4011 backbone two ORFs were found between
the upf54.8 and kfrA genes, namely, orfl and orf2, whose pre-
dicted amino acid sequences are most similar to the sequences
of the Xylella fastidiosa 9a5c cell filamentation protein and to
an unknown protein, respectively (Table 1). These two ORFs
are not present in any of the plasmids mentioned above. In
addition, two small genes, kleB and kleG, which are devoted to
stable inheritance, as well as two genes having unknown func-
tions, kluA and kiuB, located in the R751 backbone were not
identified in pEST4011.

In R751, RK2, pJP4, and pB4 there are two forms of the
replication initiation protein TrfA encoded by the #£47 and
1rfA2 genes, the larger TrfA-44 protein (382 to 407 amino acids)
and the smaller TrfA-33 protein (284 to 289 amino acids). These
proteins are translated from the same reading frame, and the
translational start sites are 97 to 122 amino acids apart. It has
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TABLE 2. Plasmids discussed in this paper

Plasmid Description® GenBank accession no. Reference(s)
RK2, RP4, etc. IncP-1a, 60,099 bp, Amp* Tet, isolated from enteric bacteria in Birmingham, UK 1.27758 33
R751 IncP-1B, 53,425 bp, Tmyp', isolated from Enterobacter aerogenes in UK NC_001735 44
pIP4 IncP-1B, 87,688 bp, Hg', contains ffd genes for 2,4-D and 3-CBA degradation, AY365053 8
isolated from Rolstonia eutropha IMP134 in Australia

plIB1 IncP-1B, about 102 kb, Hg", contains #fd genes for 2,4-D degradation located on AF029344 36, 56
Tn5530, isolated from Burkholderia cepacia 2a in UK

pUO1 IncP-1B, 67,066 bp, Hg", contains haloacetate-catabolic genes, isolated from NC_005088 39
Delftia acidovorans B in Osaka, Japan

pADP-1 IncP-1pB, 108,845 bp. Hg", contains atrazine-catabolic genes, isolated from NC_004956 30
Pseudomonas sp. strain ADP in Minnesota

pB4 IncP-1B, 79,370 bp, Sm* Em* Amx", isolated from microbial community of acti- NC_003430 42
vated studge from wastewater treatment plant in Germany by biparental mating

pTSA IncP-1pB, about 72 kb, Hg?, contains p-toluenesulfonate-catabolic genes, isolated AF303942, AF305549, AF311437, 47
from Comamonas testosteroni T-2 in Switzerland AF311820, AH010657,

AY227144, AY227147, U73743

pEMT3 IncP-1, initially contained #fd genes for 2,4-D degradation, but the degradative AJ414161, AJ414162 11, 45
capacity has disappeared, isolated from microbial community of agricultural soil
in Michigan by biparental mating

pOKH54 IncP-1vy, about 80 kb, Hg', isolated from epilithic microbial community of the 14
River Taff in South Wales, UK, by triparental mating

pTV1 Unknown Inc group, about 200 kb, Hg?, contains #d genes for 2,4-D degradation, AB028643 49, 50

isolated from Variovorax paradoxus TV1 in Dijon, France

@ Abbreviations: Amp, ampicillin; Tet, tetracycline; Tmp, trimethoprim; Hg, mercury; Sm, streptomycin; Em, erythromycin; Amx, amoxicillin; UK, United Kingdom;

3-CBA, 3-chlorobenzoate.

been shown that the smaller protein is sufficient for plasmid rep-
lication in many hosts (59). In pUOL, pTSA, and pEMT?3 only the
gene coding for TrfA-44 (406 to 411 amino acids) has been an-
notated, while in pADP-1 and pEST4011 only TrfA-33 proteins
are encoded (303 and 289 amino acids, respectively). In pADP-1,
the region corresponding to the N-terminal part of TrfA-44 is
missing, and in pEST4011 the deletion also encompasses the ssh
gene, which codes for a single-stranded DNA-binding protein
involved in DNA replication, recombination, and repair and is
present in all of the other plasmids mentioned above just up-
stream of #f4. In pEST4011 an additional 2,360 bp of DNA
(positions 57635 to 59995) is inserted between the catabolic trans-
poson and iteron 2 (positions 60146 to 60166) of oril. The nu-
cleotide sequence of this region is not similar to any sequence in
the GenBank database.

In pEST4011, a large amount of DNA coding for the C-
terminal half of TrbE and genes #bF to trbN, as well as the
region coding for most of the C-terminal region of TraC2 and
TraC3 and all of the #raC4 gene, which are present in R751,

fiog? I Catabolic transposon (48 kb) + 2360 bp additional DNA
v
pEST401 1 e o ooy
PANIAN
npfidt WG KeB Red  orivoafd b HBE”
control/stability  replication
Tn4321 (4.7 kb)
R751L.

upf3iA keA KudR oriv 012 1 irhit whE

mating pair formation / surface exclusion auxiliary transfer

v
RN 777727 11 O O R ET s R Rt

RK2, pJP4, pADP-1, pUO1, and pB4, are missing. In the latter
plasmids, this region may also contain additional genes, but the
important fact is that it includes seven trb genes (#DE to trbL)
essential for mating pair formation during conjugation (1).
As in other IncP1 plasmids, five transcriptional regulators
are encoded in the pEST4011 backbone. KorA, KorB, and
KorC are three global repressors that regulate transcription of
the genes necessary for plasmid replication, stable inheritance,
and conjugation; TrbA is a transcriptional repressor of conju-
gation genes; and KfrA has been shown to regulate only its
own transcription (1). Consensus sequences for the binding of
these regulators have been determined for KorA, KorB, KorC,
and TrbA (3, 33, 44). Most of these binding sites are also
present in pEST4011; the only exception is one TrbA binding
site present in the RK2 wraJ/traK promoter-operator region
(Table 3). Additionally, one KorB binding site upstream of traJ
and one KorC binding site upstream of klcA, which are not
present in R751 or RK2, were found in pEST4011. As shown
in Table 3, the binding sites of KorA and KorB are well con-

a3 2% pany ol ral ot mud

transfer/relaxosome

In5090/402 (7.4 kb)

bt w3y watt 3 2 b ks trak oniT tradd

FIG. 5. Comparison of the linear genetic maps of plasmids pEST4011 and R751 (accession number NC 001735). Different types of boxes
represent common sets of backbone genes, and the corresponding functions are indicated between the two maps. The arrows with boxes indicate
insertions not found in the two plasmids; the pEST4011 sites from which the kleG and kleB genes are missing (compared with R751) are indicated
by triangles. Some of the pEST4011 and R751 backbone gene positions are also indicated for orientation.
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TABLE 3. DNA binding proteins encoded by the pEST4011 backbone

7169

DNA- Binding site Binding site Binding si ’ g gy P
binding  coordinates location in inding site sec/luenc,eam B%ndlng site ,sequefnace B{ndmg s1te,seque':rlllce
protein  in pEST4011 PEST4011 pEST4011 (5' to 3") in R751 (5’ to 3"} in RK2 (5’ to 3"
KorA  2314-2323 kfrAp TTTAGCTAAA TTTAGCTGAA TTTAGCTGAA
4659-4668 korAp TTTAGCTAAA TTTAGCTAAA TTTAGCTAAA
6054-6063 kleAp TTTAACGAAA TTTAGCTAAA TTTAGCTAAA
8401-8410 kicAp TTTAGCTAAA TTTAGCTAAA TTTAGCTAAA
61353-61362  trfAp TTTAGCTAAA TTTAGCTAAA TTTAGCTAAA
KorB 2329-2341 kfrAp TTTAGCGGCTAAA TTTAGCGGCTAAA TTTAGCGGCTGAA
4690-4702 korAp TTTAGCCGCTAAA TTTAGCGGCTAAA TTTAGCCGCTAAA
6137-6149 kleAp TTTAGCCGCTAAA TTTAGCCGCTAAA TTTAGCCGCTAAA
8412-8424 kicAp TTTAGCCGCTAAA TTTAGCCGCTAAA Not present
61384-61396  trfAp TTTAGCGGCTAAA TTTAGCGGCTAAA TTTAGCGGCTAAA
61824-61836  trbBp TTTAGCGGCTAAA TTTAGCCGCTAAA TTTAGCGGCTAAA
6945369465  traF TTTAGCGGCTAAA TTTAGCGGCTAAA TTTAGCCGCTAAA
73857-73869  traX TTTAGCGGCTAAA TTTAGCCGCTAAA TTTAGCGGCTAAA
74273-74285  Upstream of fral TTTAGCGGCTAAA Not present Not present
76948-2 Upstream of upf54.4 TTTAGCGGCTAAA TTTAGCCGCTAAA TTTAGCCGCTAAA
KorC  6025-6040 kleAp TAGGGCAAAATGCCCTA TAGGACAAAATGTCCTA TAGGGCATTATGCCCTA
8373-8389 klcAp TAGGGCAAAATGCCCTA TAGGACAAAATGTCCTA TAGGGCATTATGCCCTA
8752-8768 Upstream of klcA TAGGGCAAAATGCCCTA Not present Not present
TrbA  61253-61266  trbAp CTCGATGTATCGCT ACAGCCAGGTCGAA ACCGCTATATCGAA
62004-62017  trbBp GTTGGTATATCGTT TTCGATATATCGTA TTCGGTATATCGTT
71848-71861  traGp GTCAGTATAGCGGG GGCAGTATATCGGG ATCAGTATATCGTG
71867-71880  traGp TTCGGTATATCGAA TTCGGTATATCGAA TTCGGTATATCGAA
74493-74506  tralp/traKp ACCGATATAGCGAA ACGGATATAGCGAA ATGGATATACCGAA
Tral  74390-74404  onT CGGTTAGCTAACTTC CGCTTAGCTAACTTC GGGTGGGCCTACTTC
Tral ~ 74409-74414  onT ATCCTG ATCCTG ATCCTG
TrfA 8790-8810 oriV/ TTTCTTTGACACTTGAGGGGC  GCTTCTTGACACTTGAGGGGC TTTCATTGACACTTGAGGGGC
9285-9305¢  orilV/ CACCCTAGACACTTGAGGGGC TATCCATTGACACTTGAGGGGC CACCTATTGACATTTGAGGGGC
9307-9327¢c  onV AACTACAGACATTTGAGGGGC GACTATTGACCCTTGAGGGGC  GAGTGATGACAGATGAGGGGC
9329-9349¢  onlV CTTCGTTGACACTTGTGGGGC  GATCCTITGACACTTGACGGGC GATCCTTGACACTTGAGGGGC
9352-9372¢  onlV/ AACCCTAGACACTTGGGGGGC GGGTGCTGACAGATGAGGGGC GACTACTGACAGATGAGGGGC
9375-9395¢  oril/ TTCTATAGACACTTGAGGGGC CCGTACTGACACTTGAGGGGC  CGGTATTGACACTTGAGGGGC
9501-9521¢  orilV/ CACTGCAGACACTTGAGGGGC CGATGCTGACAGATGAGGGGC CGGCGTTGACAGATGAGGGGC
9536-9556¢  oril/ GTTCATTGACACTTGGGGGGC GTITCITGACACGTTGGGGGGC GGACGTTGACACTTGAGGGGC
9557-9577¢  orilV/ TCACCGTGACACTTGGGGGGC GGCTGGTGACAGTTGAGGGGC  CCTCACTGACAGATGAGGGGC
60146-60166¢  oril” GCATGCAGACACTTGAGGGGC ACTCTTTGACATTTGAGGGGC TTTCATTGACACTTGAGGGGC
60176-6019%6¢c  oril/ TTTCATTGACAGATGAGGGGC  Not present Not present

“The putative consensus operator sequence is indicated by boldface type.

served in the three plasmids, while the KorC binding sites of
pEST4011 look like hybrids of the corresponding R751 and
RK2 sites. Interestingly, the TrbA operator sequences are
more heterogeneous and contain more mismatches with the
proposed consensus binding site (WWCGATATATCGWW)
(3). In the case of RK2, the individual TrbA operators contain
one to three mismatches, while the corresponding sequences of
pEST4011 and R751 have up to six mismatches. Only one
TrbA binding site shown in Table 3, the site in the promoter
region of the R751 w#bB gene, is an exact match with the
consensus sequence. Bingle and Zatyka (3) assumed that such
suboptimal operators play an important role in the balanced
regulation of plasmid transfer. Finally, the TraJ binding sites of
pEST4011 and R751 are identical. This is in agreement with
the fact that the amino acid sequence of the pEST4011 Tral
protein is more similar to the corresponding sequence of R751
than to the corresponding sequence of RK2, although the level
of identity is only 55%.

The pEST4011 origin of replication (ori}’) consists of the
same components as the origins of replication described for
other IncP1 plasmids (1, 24, 33): 10 binding sites (called iter-

ons) for the TrfA protein (which initiates replication at oril),
including iterons 2 to 11 plus one additional iteron (iteron 1)
not present in R751 or RK2 (Table 3; Fig. 6A); four binding
sites for the host protein DnaA; three palindromic sequences
which are also proposed to bind TrfA; an A-T-rich region; and
a G-C-rich region. Table 3 shows that the conserved TGACA
motif of the TrfA iterons of R751 and RK2 is much more
frequently AGACA in pEST4011. Also, the second part of the
pEST4011 iterons is more frequently CTTGAG than it is in
R751 and RK2. In RK2 this sequence quite strictly alternates
between CTTGAG and GATGAG.

The structure of the origin of transfer (oriT) is also similar to
that of other IncP1 plasmids (1, 33). It consists of a relaxation
region containing Tral and Tral binding sites (Table 3; Fig.
6B) and of the nic site GC (positions 74414 and 74415 in
pEST4011), in which one strand of DNA is nicked during
conjugation (34).

Multiple alignments of trfA2, korA, and traG gene products
of IncP1 plasmids. As described above, the backbone gene
products of pEST4011 are homologous but still quite different
from the corresponding products of both RK2 and R751, the
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FIG. 6. (A) oriV region of pEST4011. The binding sites for replication initiation protein TrfA (iterons il to il1) together with the directions
are indicated by triangles. The gray boxes represent palindromic sequences (P); the black boxes are DnaA binding sites (D). The G-C- and A-T-rich
regions, the direction of replication, the site of additional DNA insertion, and the tf4 gene (with the direction of transcription) are also indicated.
(B) oriT region of pEST4011. The arrows indicate the binding sites for the Tral, TraJ, and TraK proteins and the nic site. The gray box represents
the region that is highly conserved in different IncP1 plasmids. The translation start codons together with the directions are indicated for the tra/
and traK genes. The relaxation region and the bent region are indicated by dotted lines; the directions of transcription from the promoters of tra/

(P,,.) and traK (P, x) and the putative direction of DNA transfer during conjugation are indicated by horizontal arrows.

archetype plasmids of the IncP1 « and IncP1 B subgroups,
respectively. In order to examine to which IncP1 subgroup
pEST4011 belongs, we constructed multiple alignments of the
available full-length amino acid sequences of the short form of
TrfA (TrfA-33), KorA, and TraG of IncP1 plasmids (Table
2). In cases in which the coding sequences for TrfA-33 were
not annotated, we generated the necessary sequences from
TrfA-44 by deleting the N-terminal 122 amino acids in the case
of pUO1 and pTSA and 123 amino acids in the case of pEMT3
(based on similarities with RK2 and R751). The bootstrapped
neighbor-joining trees derived from these alignments (ob-
tained by using the program CLUSTALX) (Fig. 7) showed that
pEST4011 TrfA, KorA, and TraG are distinct from all other
corresponding sequences and that they occupy individual
branches of each tree. Similar results were obtained with the
different PHYLIP programs used (data not shown). As C. M.
Thomas and coworkers have assigned plasmid pQKH54 (14) to
the vy subgroup (personal communication) and the amino acid
sequence of TrfA of pQKHS54 appeared to be different from
the pEST4011 TrfA sequence (unpublished data), we placed
pEST4011 in a new IncP1 subgroup, the 8 subgroup. The other
four IncP1 catabolic plasmids sequenced, pJP4, pADP-1, pUO1,
and pTSA, together with plJB1, possess the well-conserved IncP1
subgroup B backbone. The TrfA2 phylogenetic tree (Fig. 7A)
shows that the 2,4-D-degradative plasmid pEMT3 is also dif-
ferent from all other IncP1 plasmids and could also form a
separate subgroup. Unfortunately, the incompatibility group of
the 2,4-D-degradative plasmid pTV1 is unknown (T. Vallaeys,
personal communication).

Comparison of pEST4011 and its laboratory ancestor, pD2M4.
The original strain D2M4, containing plasmid pD2M4 (about
95 kb), had a very unstable 2,4-D ™ phenotype; 99% of the cells
lost this phenotype when they were grown in Luria-Bertani

medium, and all of the 2,4-D~ clones studied contained no
plasmid. Subsequently, a series of selections were performed
(V. Koiv, unpublished data); in each step D2M4 cells were
cultivated in nonselective medium, and this was followed by
selection on medium containing 2,4-D as a sole source of
carbon and energy. The resulting 2,4-D" clone with the best
growth on 2,4-D was selected for the next step. Finally, a strain
with improved stability of the 2,4-D™ phenotype was obtained;
about 50% of the cells lost the 2,4-D™ phenotype when they
were grown in nonselective medium. The selected strain was
designated EST4002, and it contained a smaller plasmid,
pEST4002 (estimated size, 78 kb). In order to increase the
stability of the plasmid and to overcome the difficulties with
DNA extraction, pEST4002 was transferred by conjugation
into a plasmid-free recipient strain, Pseudomonas putida
PaW340 (28). The resulting 2,4-D " transconjugants contained
plasmid pEST4011 (70 kb, as determined by restriction analy-
sis). After maintenance of strain EST4002 on 2,4-D minimal
medium agar plates for years, the strain acquired a very stable
2,4-D phenotype; only 1 to 2% of the cells lost the phenotype
when they were grown in Luria-Bertani medium. According to
a restriction analysis this strain contained exactly the same
pEST4011 plasmid as the 2,4-D™ transconjugants of PaW340
(53).

Due to problems arising from instability of the 2,4-D* phe-
notype and the difficulties with DNA extraction, we were not
able to maintain either the original strain D2M4 containing
pD2M4 or plasmid pEST4002. As Mée et al. have shown (28),
plasmid pEST4002 had one additional 7.8-kb EcoRI restriction
fragment compared with pEST4011. However, the exact loca-
tion and size of the deletion were not determined. During
the present study we compared the EcoRI and HindIII
restriction patterns of pD2M4 (Kéiv, unpublished) and
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FIG. 7. Bootstrapped neighbor-joining trees derived from multiple
alignments of #f42 (A), korA (B), and traG (C) gene products of
different IncP1 plasmids, constructed with the CLUSTALX program.
The GenBank accession numbers of the proteins are indicated in
parentheses. The numbers at the nodes of the trees represent the
bootstrap values (1,000 replicates) for each node.
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pEST4011 (Fig. 8A and B). We found that pEST4011 had lost
the approximately 23.5- and 20.5-kb HindIII restriction frag-
ments and the approximately 26-, 9.5-, and 4.6-kb EcoRI frag-
ments compared with pD2M4. In addition, the 19,609-bp
HindIIl fragment and the 6,991- and 10,872-bp EcoRI frag-
ments of pEST4011 are not present in pD2M4. Instead of the
21,849-bp pEST4011 HindIIl fragment, pD2M4 had a corre-
sponding band at about 15 kb.

These results show that (i) pEST4011 lost approximately 25
to 29 kb of DNA from somewhere between position 57349 and
position 66873 (i.e., between the righthand copy of IS1077:
1S7471 and the traD gene) and (ii) pD2M4 did not contain the
6,991-bp duplication present in pEST4011 containing genes lrp
to iaaH (Fig. 1 and 8C). Indeed, when pEST4011 was com-
pared with R751, we noticed that in case of pEST4011 about 14
kb of backbone DNA containing (among other genes) a set of
trb genes essential for conjugation (#bE to &rbL) (Fig. 5) was
missing. The remaining 11 to 15 kb could comprise additional
DNA inserted between the Tral and Tra2 regions, as reported
for all other IncP1 plasmids discussed in this study except pJP4
(1, 39, 48). Thus, on the one hand, this deletion somehow
ensured its host a very stable 2,4-D™ phenotype, and on the
other hand, pEST4011 lost the ability to self-transmit.

The 6,991-bp duplication in the pEST4011 catabolic region
is not present either in pD2M4 or in catabolic transposon Tn5530
of pIIB1. At least two of six ORFs in this region can be directly
related to 2,4-D degradation; namely, #fdD is responsible for
the fourth step in the corresponding pathway (Fig. 2), and the
ccp product may function as a channeling protein for the re-
moval of chloride liberated during 2,4-D dissimilation from
cells. The predicted amino acid sequence of the pEST4011
TfdD protein is far more similar to the sequence of TebD of
Pseudomonas sp. strain P51 plasmid pP51 (P27099) than to the
sequence of pJP4 TfdD; or TfdD,; the levels of amino acid
identity are 83, 64, and 32%, respectively, and the levels of
amino acid similarity are 96, 87, and 57%, respectively. The tch
genes of pP51 are responsible for degradation of 1,2,4-trichlo-
robenzene by its host strain (52), and the substrate for TebD is
2,3,5-trichloro-cis cis-muconate. The corresponding 2,4-D deg-
radation intermediate and substrate for the pEST4011 and
pIP4 ¢fdD gene products is 2,4-dichloro-cis,cis-muconate. Voll-
mer et al. (55) showed that although they could not measure
enzyme Kkinetics with 2,3,5-trichloro-cis,cis-muconate as the
substrate, 2,4-dichloro-cis,cis-muconate was the best substrate
for pP51 TcbD and pIP4 TfdD,. However, the catalytic effi-
ciency of TebD was somewhat lower than that of TtdD (k_,/
K, 53 and 120 pM " min ', respectively). Therefore, it is
tempting to speculate that the 7-kb pEST4011 region was du-
plicated in order to increase the tfdD copy number and con-
sequently the amount of the corresponding enzyme in a cell in
order to degrade 2,4-D more efficiently.

Mercury resistance is a common heavy metal resistance in
bacterial isolates from soil and water environments (19). As
shown in Table 2, all catabolic IncP1 plasmids except the least-
studied plasmid pEMT3 bear mercury resistance genes. Al-
though plasmid pEST4011 does not carry any Hg" determi-
nants, it is probable that the precursor plasmid pD2M4 did. In
pADP-1 and pUO1 the mer genes are located between the
Tral and Tra2 regions; if this was the case for pD2M4 as well,
the corresponding genes were lost during laboratory evolution.
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However, mercury resistance has not been determined for ei-
ther strain EST4002 or EST4003.

Our first conclusion is that it seems that despite similarities
in overall organization, the backbones of IncP1 plasmids are
far more heterogeneous than previously thought. Also, as shown
in Table 2, very similar IncP1 backbones, although loaded with
different additional functions, can be isolated from geograph-
ically distinct regions of the world. Second, diverse genes and
gene cassettes are assembled into (2,4-D) catabolic pathways
having different origins, but once a working set of necessary
genes has been brought together (for example, in a composite
catabolic transposon), these genes may spread horizontally as
one unit and this unit may insert itself into different vehicles,
like conjugative (broad-host-range) plasmids. Other catabolic
and/or regulatory genes encoded by these composite trans-
posons may be just entrapped passengers with no significance
in one host, while they can probably confer an altered pheno-

type to another host in certain conditions. Finally, serious
attention should be paid to the fact that the occurrence of
laboratory evolution caused by continuous enrichment proce-
dures during the isolation of natural catabolic plasmids may
hinder studies and distort our understanding of evolution in
nature.
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